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Abstract 
Single-stranded DNA binding (SSB) proteins are essential accessory proteins that protect 
single-stranded DNA (ssDNA) during genome maintenance. Escherichia coli SSB is a 
prototypical homo-tetrameric SSB protein that can wrap up to 65 nucleotides of ssDNA in one of 
its binding modes. Here we present mechanical studies of E. coli SSB bound to ssDNA using 
high-resolution optical tweezers. This method allows us to probe the interaction of individual 
SSBs to ssDNA in real time, with nanometer resolution. By detecting directly the wrapping of 
ssDNA by a single protein, we are able to characterize the thermodynamics and kinetics of 
nucleoprotein complex formation. Mechanical pulling of ssDNA in the presence of SSB reveals 
that the protein condenses ssDNA in the force range 0-10pN and that tension can be used to 
modulate the ssDNA wrapping state of SSB. Measurements of SSB kinetics indicate that SSB-
ssDNA complex formation occurs in a two-step process consisting of a diffusion-limited binding 
step in which the protein associates weakly with its substrate, followed by a fast wrapping step in 
which ssDNA is condensed. We also quantify how tension modulates the ssDNA wrapping state 
of SSB, revealing features of the energy landscape for SSB-ssDNA interactions. Lastly, we 
carried out measurements of SSB interaction with long ssDNA binding substrate as a function of 
mechanical force. The data indicate that SSBs bound to longer stretches of ssDNA bound much 
tighter, probably due to nucleoprotein filament formation. And we have evidence that SSB can 
bind to ssDNA in intermediate wrapping states and are transiently wrapping and unwrapping 
from their substrates. 
 In addition we present for the first time study on the conformational control of Rep 
helicase using an optical trap. We found that crosslinking-mediated conformational arrest of a 
dynamic subdomain in so-called “closed” orientation converted the Superfamily I (SFI) helicase, 
Rep, from a very poor DNA helicase into a powerful motor protein with a highly processive 
DNA unwinding activity. In contrast, the wild type Rep helicase cannot efficiently unwind DNA 
over 18 bp in vitro. A single Rep-X (cross-linked Rep) molecule can processively unwind DNA 
up to 4 kbp and generate forces in excess of 40 pN, making it the most powerful helicase known. 
The same modification on the related PcrA helicase produced the same activity increase 
characteristics strengthening the possibility of widespread application of this conformational 
control technique. Thus our results directly answer the question of the role of different 
 
 
iii 
 
conformations observed in SF-I helicase crystal structures and offer a mechanism for how 
partner proteins in vivo may regulate helicase function via conformational control.  
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Introduction 
Protein-nucleic acid interactions lie at the heart of many fundamental processes in the living 
cell.  They are involved in all facets of nucleic acid metabolism, ranging from regulation of 
transcription (ex: transcription factors), replication (ex: single-stranded DNA binding proteins), 
and recombination (ex: RecA and homologs), to compaction and packaging of the genome (ex: 
chromatin), to name just a few examples.  Loosely speaking, Nature has explored two themes in 
nucleic-acid binding proteins.  On one hand, sequence-specific proteins such as endonucleases 
and transcriptional repressors and activators must localize and bind to target sites in the DNA.  
Typically, these bind tightly to the genome in low numbers at a handful of highly specific base 
sequences.  There, they either act directly on their substrates (ex: cleave the DNA) or regulate the 
activity of other proteins (ex: repress gene expression).  At the other extreme, non-sequence-
specific proteins bind non-specifically to the genome but may target particular nucleic acid 
structures.  These include, for instance, architectural proteins like histones, single-stranded DNA 
binding proteins, and RecA-like proteins.  In contrast to sequence-specific proteins, they 
generally act in larger numbers, oligomerizing to form nucleoprotein filaments (ex: RecA-DNA), 
or complex and highly organized superstructures (ex: chromatin).  Often, these nucleic acid-
protein complexes themselves act as substrates to recruit various other cellular proteins involved 
in maintenance of the genome.   
While the main subject of enquiry in sequence-specific proteins is how they find their target 
on DNA, the central question in the other class is how they associate with each other and interact 
with other proteins, modulating their activity.  In this study we aim to study protein-nucleic acid 
interactions using single-stranded DNA binding proteins (SSB) as a model system.  To achieve 
this aim, we use techniques from traditional biochemistry and molecular biology, in combination 
with single-molecule biophysics. In particular, the use of high-resolution optical traps [1-3]  
enables us to study dynamics at the single-protein level in unprecedented detail.   
Protein-nucleic acid interactions have long been studied by traditional methods such as 
crystallography and ensemble kinetics.  Though structural methods provide an atom-scale 
description of protein-DNA interactions, the pictures are static.  Ensemble biochemical 
techniques on the other hand can measure the kinetics of protein-DNA associations, but must 
rely on synchronizing populations of molecules to detect conformational dynamics.  Often this is 
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difficult due to heterogeneity in the ensemble. Single-molecule techniques provide a powerful 
alternative to study these dynamics.  Unlike traditional bulk methods, these techniques do not 
rely on temporal and population averaging, instead collecting statistics from individual 
molecules.  In single-molecule studies, conformational dynamics are detected directly, providing 
a clear advantage over ensemble methods. Techniques such as single-molecule fluorescence, 
optical traps, and magnetic tweezers [4-12] have been instrumental in deciphering the 
mechanism of a wide range of molecular machines involved in nucleic acid metabolism, protein-
DNA interactions, and the mechanical properties and dynamics of nucleic acid secondary and 
tertiary structures, to name just a few examples.     
Optical traps (OT) or “tweezers” utilize the momentum carried by light to exert forces on 
micrometer-size dielectric objects.  By tightly focusing a laser beam, a dielectric object such as a 
micrometer-size polystyrene bead can be stably trapped in all three dimensions near the focus of 
light [13].  Coupled with the ability to manipulate microscopic objects, OTs are sensitive 
quantitative tools.  Because the trap behaves as a linear, “Hookean” spring near its center, it can 
be used—once properly calibrated—to detect displacements of the bead and measure the forces 
exerted on it. 
Protein-DNA interactions have been studied extensively with single-molecule techniques in 
the last decade.  OT-based assays have been used to characterize various DNA-binding proteins: 
chromatins [14-18], RecA and homologs [19-23], SSBs [24-26], and others [27].  However, 
many of these OT assays have suffered limitations. With some notable exceptions (ex: [17, 18]), 
many have lacked the resolution to detect dynamics at the single-protein level and thus have 
been limited to: (1) studying global properties of nucleoprotein interactions and how they are 
affected by substrate tension [19, 24-26], or (2) using OTs for manipulation purposes only, and 
employing another readout (fluorescence) for detecting the protein [20-22].  Single-molecule 
fluorescence methods pose a powerful alternative to OT assays, and have been used to detect 
protein interactions with DNA at the single-protein level [22, 28, 29].  However, fluorescence 
readouts are also limited in quantitative information content; they can relay the presence or 
absence of a protein [22], or uncalibrated, relative (and not absolute) changes in distances [28, 
29].  An ideal measurement technique would allow one to distinguish not only the presence of a 
protein but also measure the conformational state of the nucleoprotein complex. Proteins that 
bind to DNA must interact with their substrates on length scales on the order of several basepairs 
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(1 bp = 3.4Å in duplex DNA).  As a result, direct observation of these protein-nucleic acid 
interactions requires sensitivity to motions on the nanometer and even sub-nanometer scale.   
The main goal of this thesis is to detect nucleic-acid binding protein dynamics at high spatial 
and temporal resolution. To achieve this aim, we use high-resolution optical traps that allow us 
to detect binding of SSBs to DNA at the individual-protein level. In Chapter 1 we give a brief 
introduction to optical trapping and discuss the nature of optical forces acting on a small, 
dielectric sphere in an aqueous medium. An overview of two popular theoretical models for 
optical trapping–the ray optics model and the electromagnetic field model–is provided. We 
describe the layouts of a generic single optical trap set-up and more sophisticated set-ups used 
for different applications in physics and biophysics. Example applications of optical traps in 
biophysics are given from the work of well-known labs. Recently, the resolution of optical 
tweezers has been improved by introducing a second trap. This technical development is 
discussed, and the theoretical model explaining the achievement of high resolution by 
differential detection is presented. 
In Chapter 2 we give an introduction to single-stranded DNA binding proteins (SSB). We 
discuss historical perspective, biological importance of SSB in nucleic-acid metabolism, and the 
physical nature of SSB-DNA interactions. The detailed description of the force spectroscopic 
study of individual SSB using optical traps is given in Chapter 3.  We describe the use of a DNA 
substrate where only a single SSB can bind, and discuss how applied tension on DNA affects the 
conformation of SSB-DNA complex. We also present a theoretical model for the SSB-DNA 
complex conformation that agrees with our experimental observations.  
In Chapter 4 we extend our high-resolution optical trap studies of SSB-DNA interaction to 
the SSB binding dynamics. In Chapter 5 we discuss whether having multiple binding sites for 
SSB on the DNA substrate affects the interaction of SSB with DNA.  
In Chapter 6 we move from the binding interaction of single-stranded DNA with SSBs to the 
enzymatic interaction of double-stranded DNA with a motor protein Rep helicase. We explore 
how the protein conformation of helicases can modulate the way they interact with DNA: change 
in helicase conformation results in enhanced unwinding activity and increased processivity. 
These results suggest that accessory proteins may regulate helicase activity by conformation 
control in vivo.  
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Chapter 1. Introduction to single molecule optical trap 
1.1 Optical Trapping 
1.1.1 Introduction 
In the last few decades novel laser trapping and manipulation techniques have been 
developed. Their application ranges from trapping of neutral atoms to manipulation of live 
bacteria and viruses [2, 3]. The particle types that can be studied are as diverse as atoms, 
molecules, submicron particles, and macroscopic dielectric particles hundreds of micrometers in 
size [4, 5]. Even living biological cells and organelles within cells can be trapped and 
manipulated free of optical damage [2, 6, 7]. The unique capabilities of these techniques have 
had a great impact in various sub-fields of science. To name a few examples, in the field of light 
scattering, particularly in studies of Mie scattering, high resolution observations of the resonant 
behavior of macroscopic spherical particles have been observed for the first time [4, 5]. The 
results have led to applications of these resonant frequencies in linear and nonlinear optics and 
lasers [10]. In atomic physics, for the first time individual atoms have been laser trapped and 
cooled down to the lowest man-made temperatures [11, 12]. These techniques have led to the 
study of a new state of matter: the Bose–Einstein condensate [13]. Practical advances in the 
biological sciences and chemistry have also been made. Use of laser techniques has had a 
revolutionary impact on the study of single molecule biophysics: trapping and manipulation of 
single living cells [3, 14], organelles within cells, single biological molecules [15, 16], and the 
measurement of physical properties of biopolymers [17, 18]. 
It was not known previously that one could use radiation pressure forces to make a stable 
3-dimensional optical trap. In the early 1970s Arthur Ashkin and co-workers pioneered the field 
of laser-based optical trapping. In a series of fundamental papers they demonstrated that micron-
sized dielectric particles could be manipulated using optical forces in both water and air [19] and 
they came up with a stable, three-dimensional trap based on counter propagating laser beams 
[20]. In 1986 came the development of the single-beam gradient force optical trap [21] which is 
known today as “optical tweezers” [22]. Ashkin and co-workers showed that one could use 
forces from focused laser beams to significantly affect the dynamics of small transparent 
micrometer-sized neutral particles. Two basic light pressure forces were identified: a scattering 
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force in the direction of the incident light beam, and a gradient force in the direction of the 
intensity gradient of the beam. It was shown experimentally that, using just these forces, one 
could accelerate, decelerate, and even stably trap small micron sized neutral particles using 
mildly focused laser beams.  Ashkin and co-workers employed the unique capabilities of optical 
trapping technology to a wide range of applications ranging from the cooling and trapping of 
neutral atoms [23] to manipulating live bacteria and viruses [2, 24]. Today, optical traps continue 
to find applications in both physics and biology.  
Technology developments to optical traps have allowed researchers to apply piconewton-
level forces to micron-sized particles and simultaneously measure displacement with nanometer-
level precision and with high temporal resolution. Optical tweezers are now routinely applied to 
the study of molecular motors at the single-molecule level [15, 25-34] the physics of colloids and 
mesoscopic systems [35-42] and the mechanical properties of polymers and biopolymers [18, 25, 
39, 43-55]. While optical traps are applied in different sciences, theoretical and experimental 
work on fundamental aspects of optical trapping is still ongoing [22, 39, 56-60]. Many excellent 
reviews of optical trapping [15, 61-63] and specialized applications of optical traps as well as 
several comprehensive guides for building optical traps are now available [64-67]. 
1.1.2 Basic trap principles 
For a dielectric particle trapped with optical tweezers, the main optical forces can be 
divided into two categories: absorption and scattering forces on one end, and conservative 
gradient forces on the other. Absorption forces can be minimized by choosing a trapping particle 
that is off-resonance. Hence, only the scattering force and the gradient force are considered 
significant for optical tweezers [64]. As its name suggests, the scattering force arises due to the 
direct scattering of photons. The scattering force acts in the same direction as incident light and 
is proportional to the intensity of incident light. The gradient force arises from the time-averaged 
interaction of the induced dipole with the inhomogeneous field. Gradient forces occur whenever 
a transparent material with a refractive index greater than its surrounding medium is placed 
within a light gradient. The gradient force acts in the direction of increasing light intensity and is 
proportional to the gradient of light intensity. If a dielectric particle is placed within the narrow 
waist of a sharply focused beam of light, the scattering force will have a tendency to push the 
particle away, while the gradient force will have a tendency to hold the particle within the waist. 
Stable trapping occurs when the gradient force is strong enough to overcome the scattering force. 
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A strong gradient force can be achieved by using a high numerical aperture (NA) lens to focus a 
laser beam tightly. 
Although the physics behind optical tweezers is not trivial, its behavior can be explained 
using two different theoretical models. For a trapped particle with diameter d much larger than 
the wavelength λ of the trapping laser (d ≫ λ), a ray optics model shows good agreement with 
measured results, whereas for a particle with diameter much smaller than the trapping 
wavelength (d ≪ λ), an electromagnetic field model provides best agreement [68]. In the 
intermediate size regime (d ~ λ), electromagnetic theory has yielded better results than ray 
optics, but neither model has been satisfactory [68, 69]. In the absence of an accurate model for 
the intermediate regime, the behavior of trapped particles in this regime is determined 
empirically. 
The ray optics model is valid for particles in the Mie regime in which particles are much 
larger than the laser wavelength (in practice, d > 10λ). According to this model, the basic 
operation of optical tweezers can be explained by the momentum transfer associated with the 
redirection of light at a dielectric interface. Light that has an intensity gradient increasing from 
left to right impinges on the bead (Figure 1-1a). Two rays of light of different intensities are 
represented by red lines of different thickness and saturation. The refraction of the rays by the 
bead changes the momentum of the photons, equal to the change in the direction of the input and 
output rays. Due to conservation of momentum, the momentum of the bead changes so that it 
Figure 1-1. Ray optics description of the 
gradient force. Adapted from Ref. [8] 
a b 
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compensates the changed momentum of light.  The net force is denoted by the gray arrows. If 
one sums up the two grey arrows the resulting forces will point towards higher intensity region 
and slightly down. To trap stably an object in all 3 dimensions, one must have a gradient along 
the axial direction as well (Figure 1-1b). This is achieved by focusing the beam. If one plots two 
rays on opposite sides of the bead (represented in red), and calculate the net force exerted on the 
bead, it will point to the focus. At equilibrium, lateral forces will cancel out while the axial force 
applied on the bead will cancel out with the scattering force (not shown) which tends to push the 
bead along the direction of light. 
In case the trapped sphere is much smaller than the wavelength of the trapping laser, i.e., 
d ≪ λ, the Raleigh regime is valid and optical forces can be calculated by treating the particle as 
a point dipole. For a sphere of radius d, this force is  
ܨ௦௖௔௧ = ூబఙ௡೘௖       (1-1) 
where σ is the scattering cross section of the sphere, 
ߪ = ଵଶ଼గఱௗలଷఒర ቀ
௠మିଵ
௠మାଶቁ
ଶ
        (1-2) 
and where I0 is the intensity of the incident light, nm is the index of refraction of the medium, c is 
the speed of light in vacuum, m is the ratio of the index of refraction of the particle to the index 
of the medium (np/nm), and λ is the wavelength of the trapping laser. Thus, the scattering force is 
in the direction of the incident light and is proportional to the intensity. The gradient force arises 
as a result of the interaction with light in which the laser field polarizes the atom, and the 
polarized atom experiences a force in the gradient of an electromagnetic field.   
ܨ௚௥௔ௗ = ଶగఈ௖௡೘మ ∇ܫ଴     (1-3) 
where 
ߙ = ݊௠ଶ ݀ଷ ቀ௠
మିଵ
௠మାଶቁ     (1-4) 
is the polarizability of the sphere. The gradient force is proportional to the intensity gradient, and 
points up the gradient when m>1. When the dimensions of the trapped particle are comparable to 
the wavelength of the trapping laser (d ~ λ), neither of the above approaches are accurate or 
valid. More complex physical and mathematical approaches are required [70, 71]. 
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The majority of objects that are useful or interesting to trap in biophysics fall into this 
intermediate size range (0.1–10λ).  Biological specimens that can be trapped directly, e.g., 
bacteria, yeast, and organelles of larger cells fall into this range. In addition, it is common to 
work with objects that can be seen by video microscopy (~0.1 μm). Usually dielectric 
microspheres with a diameter of ~0.2–5 μm are used as handles to manipulate biological 
macromolecules like DNA, RNA, and other biopolymers.  
1.1.3 Detection in optical traps 
Optical traps are used not only as a technique to manipulate biological macromolecules 
but also for quantitative measurements. Thus, sensitive position detection within the traps is 
important for quantitative trapping. Force and position displacement rely on a well calibrated 
system, which is feasible for only spherical objects such as μm sized beads. One of the methods 
to detect nanoscale displacements of beads from the focus of the optical trap is based on the 
interaction of laser light with the beads, called back focal plane interferometry [8, 72] (Figure 
1-2). 
 
 This method uses the interference pattern between forward–scattered light from the bead 
and unscattered light that is monitored by a position sensitive detector. The light pattern on the 
detector is converted to axial voltage readings. Separation in any axis between the center of the 
optical trap and the bead changes the interference pattern, which generates a linear response in 
the voltage read-out. In order to translate or convert these voltages into real displacement, 
calibration is necessary. 
Figure 1-2. Back focal interferometry. Light patterns on a detector depending on 
position of trapped bead. 
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1.1.4 Optical Trap Calibration 
As mentioned before the output of data collected from optical trap experiments are voltage 
readings from detectors. In order to be able to analyze that data one has to calibrate the 
instrument and beads beforehand. The most important calibrations are the conversion factor ρ 
from the voltage on the detector into displacement of the bead from the trap, and the stiffness α 
of the trap which determines force.  
 
There are different methods to calibrate the trap. I will focus on only one of them that is 
typically used in our optical trap. The calibration method we use benefits from the properties of 
the Brownian motion of a bead [8, 73]. Typically we collect data on a trapped bead with a high-
frequency bandwidth of about 125 kHz. Using Matlab code we obtain a one-sided power 
spectrum for thermal motion (Figure 1-3), which should fit to  
ܵ௫௫(݂) = ୩ా୘஠మஒ(௙బమା௙మ)     (1-5) 
where Sxx(f) is in units of displacement2/Hz, kB is Boltzmann’s constant, β is the hydrodynamic 
drag coefficient of the object (e.g., β =6πηd for Stokes drag on a sphere of radius d in a medium 
with viscosity η), and f0 is the roll-off frequency, related to the trap stiffness through f0=α(2πβ)−1 
for a stiffness α. 
 As mentioned before, the detector measures voltages, thus the spectrum will be Svv(f) in  
volts2/Hz.  Svv(f) is related to the true power spectrum by Svv(f)=ρ2*Sxx(f), where ρ represents the 
 Figure 1-3.  Power spectrum of a trapped bead. Raw power spectrum (red) and fit 
(black dashed line) to a Lorentzian.  f0 is the roll-off frequency. 
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conversion of the detector in volts/unit distance. Sxx(f)  asymptotically approaches the limit 
kBT/π2βf02 for f<<f0, so the conversion factor can be found by replacing  Sxx(f) with Svv(f)/ρ2 at 
low frequencies.  
ߩ = (ܵ௩௩(݂)ߨଶߚ ଴݂ଶ ݇஻ܶ)⁄ ଶ     (1-6) 
1.1.5 Trapping geometries 
Once properly calibrated, optical traps can be used for quantitative measurements using 
different tethering approaches. In most trap setups one bead is attached to one end of a molecule 
of study (ex: DNA, motor protein). That bead is used for manipulation and the other end is 
usually immobilized to the surface (Figure 1-4a) or attached to another bead held by a 
micropipette [74] (Figure 1-4b). As forces are applied, stretching the tethered molecule, 
displacements of the trapped bead (Δx, in Figure 1-4) report on the actions of the biological 
system under study. In Figure 1-4a a cartoon of an experimental design is shown for a single 
beam optical trap. In this assay, kinesin, a protein that is responsible for translocation inside 
the cell, is attached to a 0.5-μm silica bead, and a microtubule, the track that kinesin walks on, 
was immobilized on to the surface. Visscher et al. [75] used this approach to show that kinesin 
moves in discrete steps of 8 nm. In Figure 1-4b is shown an experimental design where the 
thermodynamics of RNA hairpin formation was studied under various forces, similar to that used 
by Liphardt et al. [76].  
 
Figure 1-4. Typical examples of OT experimental layouts. a) A surface-based 
assay of kinesin. b) Micropipette-based assay of DNA hairpin unwinding. 
Adapted with permission from ref. [1], © 2008 Annual Reviews. 
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The above tethering approaches have been used to study a variety of systems and have 
improved our understanding of many processes [55, 75, 77-79]. The major drawback of the 
above tethering designs is coupling of vibrational noise to the sample stage. This alone limits 
spatial resolution. In order to overcome this problem several designs have been used, one of 
which will be described in the next part. 
1.2 High resolution optical trapping 
1.2.1 Introduction 
In the last decade, the necessity for traps that are capable of resolving base pair steps has 
arisen. Proteins that bind to DNA must interact with their substrates on length scales on the order 
of several basepairs (1 bp = 3.4Å in duplex DNA).  Direct observation of these protein-nucleic 
acid interactions requires sensitivity to motions on the nanometer and even sub-nanometer scale.  
One of the shortcomings of a single trap is that it is coupled to a fixed surface, be it a glass 
surface or a micropipette [80]. Since fixed surfaces drift due to temperature variations and 
mechanical vibrations, this limits the resolution of the trap. Using a second trap as a substitute 
was a breakthrough in achieving high resolution optical traps.  This is still not enough to resolve 
base pair steps, due to environmental limitations such as acoustical noise, temperature and air 
fluctuations etc.  In order to overcome these problems, the setup should be placed on an optical 
table in sound-isolated and temperature-controlled rooms in the basement. The recent technical 
development of high-resolution optical tweezers [9, 81, 82] has made possible, for the first time, 
the direct observation of molecular motion on the basepair scale.  This advance has stemmed 
from improved isolation from the environment  [8, 83], reducing much of the drift observed in 
“traditional” designs [9, 81, 82] (ex: air density fluctuation). 
 Even so, measurements are still affected by Brownian motion of the trapped beads. One can 
reduce this noise by decreasing temperature, but this is not a viable option when studying 
biological systems since they require room temperature to be active.  This problem has been 
overcome by the Bustamante lab, where for the first time, a high resolution trap with differential 
detection was built [9]. The main idea is that the Brownian noise of the two beads is correlated 
through tethers between the beads, which allows one to subtract part of the noise and improve 
resolution.  
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1.2.2 Dual Trap Setup  
First I discuss a generic optical trap layout which is shown in Figure 1-5, and then I will 
describe advantages of using a dual optical trap. A laser beam is expanded by a simple telescope 
(lenses L1 and L2) to match roughly the objective back aperture. A second telescope in a 1:1 
configuration is used to steer the optical trap in the specimen plane.  The microscope objective 
focuses the beam to create a trap, and then forward scattered light is collected by the condenser 
and coupled to the detector. DM1 and DM2 are dichroic mirrors that reflect the infrared beam to 
the trap and allow visible light to pass through and illuminate the sample plane. The setup is built 
so that lens L3 (steering lens) and microscope objective are conjugate. As a result, if one changes 
the position of L3 the beam at the aperture will translate in the specimen plane with minimal 
beam clipping.  
As mentioned above the resolution of single optical trap are limited by vibrational and 
environmental noise coupled to a bead position measurements. In order to overcome this, a 
second optical trap is necessary. Here I describe one such layouts based on Bustamante design 
[9] that I closely participated in building. The dual trap located in the basement of Loomis is in a 
Figure 1-5. A generic optical tweezer 
diagram. Adapted from Wikipedia 
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temperature-controlled room coated with foam for vibration isolation (Figure 1-6). All optical 
components were mounted on vibration isolated table (TMC 14-414-34).  The dual traps were 
formed from orthogonal polarizations of a single laser (a 5-W, 1064-nm diode-pumped solid-
state laser, IPG Photonics YLR-5-1064-LP). The beam from an infrared laser is split into two 
orthogonally polarized beams with the beam splitter PB1, the separation between the two traps 
was controlled by a piezo-actuated mirror stage SM (Nano-MTA, MadCityLabs). Then, with the 
beam splitter PB2 they are recombined back and aligned perfectly co-linear. Making the beams 
overlap is extremely important. Air fluctuations introduce low frequency noise on trap 
positions which will show up in both traps with the same displacement, so differential detection 
of beads will cancel the noise. The only optical path where the two traps are not co-linear before 
entering the objective is the space between the two beam splitters, so it is important to minimize 
this space. The beams are then focused to create two traps in the sample plane between the two 
high NA objectives O1 and O2 (Nikon CFI Plan Apo VC 60x/1.2 Water Immersion objective 
from Fryer Company Inc.). The condenser O2 collects the light, then the beam splitter PB3 
separates the two orthogonally polarized beams and by additional lenses, the beams are projected 
onto position detectors. Another important point is that the setup is built so that the steering 
Figure 1-6. Dual trap instrument layout 
Adapted from Ref. [9].  
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mirror SM, the back focal plane of the objectives, and the detector detection plane are conjugate 
(conjugate planes are denoted as stars). If one changes the angle of the SM, the beam at the 
aperture of objectives will translate in the specimen plane with minimal beam clipping. The same 
is true for the position detectors; steering of the trap will not affect the position of the beam on 
the detector plane. 
The detection of laser beams was done using position sensitive detectors (PD1 and PD2). 
Trap stiffnesses were controlled using two rotary motors from New Focus with mounted half 
wave plates (WP). All motion controllers and piezo-actuated mirror were manipulated from 
computer outside of the room using Labview software. Data acquisition was collected using Daq 
card from National Instrument and saved into computer. 
1.2.3 Differential detection improves spatial resolution [9]  
A dual trap setup offers a significant resolution advantage over a single trap [9]. Given a 
signal ΔL due to a change in the DNA tether  length from binding or action of a protein, the 
signal-to-noise ratio of a dual trap for one of the traps is given by 
ܴܵܰଵ = ௞ವಿಲ∆௅ඥସ௞ಳ்஻
௞మ௞ವಿಲ
ටఊభ(௞మା௞ವಿಲ)మାఊమ௞ವಿಲమ
    (1-7) 
where γ1 and γ2 are drag coefficients of the two beads, k1 and k2 are trap stiffnesses, T is the 
temperature of medium, B is measurement bandwidth, and kDNA is the DNA stiffness. Changing 
1 to 2 gives the signal-to-noise ratio for the second trap. The signal-to-noise ratio for single trap 
optical tweezers is: 
ܴܵܰ௦௜௡௚௟௘ = ௞ವಿಲ∆௅ඥସ௞ಳ்஻ఊభ          (1-8) 
Both SNR1 and SNRsingle scale similarly with bandwidth and drag coefficient, but SNR1 saturates 
with kDNA and SNRsingle>SNR1.  As a result, addition of a second trap increases Brownian noise 
level.  However, if one measures the position difference (1 – 2) the signal-to-noise ratio is: 
ܴܵܰ௢௣௧ = ௞ವಿಲ∆௅ඥସ௞ಳ்஻ఊ೐೑೑          (1-9) 
where γeff = γ1γ2/(γ1+γ2). 
Since γeff < γ1 , γ2 , SNRopt is always higher than SNR1 or SNRsingle. Thus, differential 
detection not only helps to improve resolution limited by air fluctuations, but also decrease noise 
associated with Brownian motion of beads [9]. The brief explanation of this phenomenon can be 
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easily described if one divides fluctuations of a system into two modes: symmetric and 
antisymmetric (Figure 1-7). In a differential measurement, symmetric fluctuations cancel 
out and one only measures antisymmetric fluctuations. Thus by measuring the position 
difference, all noise not directly relevant to the detection of the signal is rejected and the signal to 
noise ratio is SNRopt.  
Our apparatus can achieve single-basepair resolution, as demonstrated in proof-of-principle 
Figure 1-8. Demonstration of 1-basepair resolution with DNA-tethered beads 
(inset). a) Observed bead displacements at 100Hz (gray) and averaged to 10Hz 
(red). b) Corresponding pairwise distribution plots. 
a b
Figure 1-7. Demonstrations of antisymmetric and 
symmetric modes of fluctuations 
Symmetric mode 
Antisymmetric mode 
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experiments in which DNA-tethered beads are held in the dual traps and one trap is displaced 
relative to the other in steps of 0.34 nm (Figure 1-8).  
1.2.4 Application of high resolution optical traps 
High resolution optical traps provide the cutting edge in sensitivity and are just beginning to 
be applied to biological questions. These optical traps are used to study molecular motors, 
proteins that can translocate on the variety of substrates. There are many good examples [84-88] 
but I will describe only few interesting and important discoveries that have been made using high 
resolution optical traps A study of virus packaging motor was done by the Bustamante lab using 
dual optical trap [86]. They developed an assay where they could study the packaging 
mechanism of Bacillus subtilis bacteriophage φ29, applying different loading forces and varying 
ATP concentration. In this study they were able to show that DNA is packaged in 10-bp 
increments, where each step was composed of four 2.5-bp steps. This was surprising since no 
one knew or proposed previously in scientific publications that a step size can be a non-integer 
number. 
A very important enzyme was studied by the Block group at Stanford [81]. E.coli RNAP is 
the protein that drives transcription, translocating along DNA while synthesizing messenger 
RNA from a DNA sequence. As a result of their studies they showed that RNAP takes single 
base pair steps at a time. Moreover they were able to give insight about the mechanism of 
translocation of RNAP on a DNA substrate. 
Despite these advances, high-resolution OTs have yet to be applied in the context of nucleic-
acid binding proteins. This new instrumentation has the potential to go beyond the limitations of 
previous assays, probing interactions not only at the single-protein level but also at finer length 
scales. 
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Chapter 2. Introduction to E. coli SSB protein 
2.1 Historical perspective 
Single stranded DNA binding proteins (SSBs) are accessory proteins involved in 
replication, recombination, and repair [1, 2].  These proteins protect single-stranded DNA 
intermediates from chemical and nucleolytic attacks in the cell by binding selectively to single 
stranded regions of DNA in a sequence-independent manner [4].  The first single stranded DNA 
binding  protein – the bacteriophage T4 gene 32 protein – was discovered and characterized in 
the laboratory of Bruce Albert in the late 1960s [5].  Soon after, E. coli SSB (also referred to as 
Eco SSB) was isolated in 1972 [6]. Since then other prokaryotic SSBs have been identified in 
bacteria [7], conjugative bacterial plasmids [8-10] and bacteriophages [11-13]. SSBs in 
eukaryotes that are functionally similar to prokaryotic SSBs were identified as well: nuclear 
SSBs (RPA and RFA) in human and yeast.  Interestingly, this class of proteins was initially 
referred to with names suggesting their role in the DNA-unwinding process: including “DNA-
unwinding proteins” [6, 14], “DNA-melting proteins” and “helix-destabilizing proteins” [15, 16]. 
However, with time they have come to be known as single stranded DNA binding proteins since 
their major role in vivo is to assist in various DNA-modifying processes by binding to transient 
single stranded regions of DNA. By virtue of these properties, Eco SSB has served as the 
prototype for the study of DNA-protein interactions since its discovery. While a great wealth of 
literature on various aspects of Eco SSB already exists, the role and mechanism of SSB-mediated 
stimulation of various DNA processes is still under debate [1, 2]. 
2.2 E. coli SSB and its Binding Modes 
The Escherichia coli SSB protein consists of four monomers (~19 kDa each) that 
oligomerize into a functional homotetramer ~50 Å in dimension (Figure 2-1).  Each monomer 
contains an oligonucleotide/oligosaccharide binding (OB) fold that binds to ssDNA [2, 3, 17, 
18], which gives the tetramer four potential ssDNA binding sites. Eco SSB has been reported to  
be present in high concentrations in vivo with estimates ranging from 300 to 2000 tetramers per 
cell, equivalent to 0.05 μM to 0.35 μM [4, 19].  The monomer has a 177-amino acid chain with 
high glycine content (one out of seven amino acids) and a single histidine (implicated in subunit 
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interactions) residue, and lacks any cysteines. The N-terminus contains the ssDNA binding site 
of Eco SSB in residues 1-115. Two tryptophans, Trp 40 and Trp 54, are believed to form base 
stacking interactions with the bases of the ssDNA [20, 21]. It has been shown that Phe 60 is also 
involved in DNA binding [22, 23]. In addition, acetylation of Lys 43, Lys 62, Lys 73, or Lys 87 
is greatly reduced upon ssDNA binding [24, 25], suggesting an electrostatic interaction of Lys 
residues with the backbone of DNA. The C-terminus, on the other hand, is characterized by the 
presence of highly acidic amino acids. Residues between these two stretches are 
mostly characterized as random coils with high glycine, proline and glutamine content.  
Different studies using various techniques have shown that there are two major binding 
modes of SSB to ssDNA which involves wrapping of 65 ± 3 nucleotides to all four subunits of 
the tetramer and 35± 3 nucleotides to two diagonally opposite subunits of the tetramer [26, 27]. 
Electron microscopy studies by Griffith and co-workers in the 1980’s suggested different binding 
characteristics of SSB to ssDNA depending upon the protein to DNA ratio [28, 29]. Under low 
protein to DNA ratios, nucleosome-like beaded structures were observed that formed small 
clusters spaced by protein-free linkers with a decrease in the contour length of the DNA. When 
the protein to DNA ratio was increased, the frequency of these beaded structures increased until 
the entire DNA was observed to be in the beaded form. Upon increasing the protein to DNA ratio 
further, the contour length of DNA increased abruptly and the DNA-protein complex was found 
to have a smooth-contoured form. Subsequently, these observations have been explained by 
Figure 2-1. E. coli SSB.  Structural model and schematic representation of SSB 
homotetramer (red, black, blue, and grey) and ssDNA (cyan and yellow) in the a) 
(SSB)65  and b) (SSB)35 wrapping conformation. PDB’s from Ref.[3] 
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3’ 3’
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reports of multiple binding modes of Eco SSB to ssDNA by Lohman and co-workers [2, 30, 31]. 
Work from the Lohman lab showed that the SSB tetramer can bind long ssDNA in a variety of 
binding modes depending on solution conditions, especially salt concentration and type [2, 29-
33]. At low monovalent salt concentrations (<10mM NaCl) and high protein to DNA ratios, a 
SSB tetramer binds to ssDNA with high inter-tetramer cooperativity using only two out of four 
subunits on average, and gets wrapped by ~35 nucleotides (nt) of ssDNA. This binding mode is 
referred to as the (SSB)35 mode [34], and has been shown to exhibit “unlimited” cooperativity, 
where SSBs associate to each other and can form long protein filaments [2]. Cooperativity is a 
phenomenon whereby an SSB tetramer has a higher affinity for a polynucleotide to which an 
SSB is already bound than to one lacking SSB. However, at higher salt concentrations (>0.2M 
NaCl), a SSB tetramer binds to ssDNA using all four subunits with approximately 65 nt wrapped 
around the tetramer to form the (SSB)65 mode [2, 3]. This binding mode exhibits low 
cooperativity, and formation of SSB filaments has not been observed [2]. Techniques like 
nuclease digestion, protein fluorescence quenching and electron spin resonance spectroscopy 
under a wide variety of conditions [26-28, 30, 33, 35, 36] reported formation of such a 65-
nucleotide binding conformation as well. 
Several crystal structures of single stranded DNA binding protein from different sources 
have been reported over the years. These carry the characteristic DNA binding OB (oligomer-
binding) fold [17, 37-42]. Homotetrameric structures of Eco SSB and analogous human 
mitochondrial SSB (hmtSSB) were determined independently by the Waksman group and Yang 
et. al. in 1997 [17, 42]. Both SSBs had similar structures and carried the well-characterized 
ssDNA binding OB-fold. The structure of the monomer revealed a β barrel spanning one side 
and a small helix on the other. Trp40, Trp54 and Phe60 already implicated in DNA binding by 
biochemical studies were clustered and indicated the likely binding track of the DNA. More 
recently, the Waksman group reported the DNA-bound structure of a truncated Eco SSB (a C-
terminal truncation of 42 residues; called SSBc) carrying the DNA binding domain [3]. A model 
for SSB bound to ssDNA in its (SSB)65 binding mode has been suggested based on this structure 
of a tetramer of SSBc bound to two molecules of (dC)35.  In this mode ~65 nt of ssDNA interact 
with all four SSB subunits with a topology approximating the stitches around a baseball (Figure 
2-1a). In this topology, the entry and exit sites of a 65 nt ssDNA are in close proximity. A more 
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speculative structural model for the (SSB)35 binding mode was also proposed (Figure 2-1b) [3]. 
The transition between these binding modes is reversible [30, 43].   
2.3 Interaction with Other Proteins 
Beyond the role of protection from chemical and nucleolytic attacks, SSB proteins have a 
second, less well-appreciated role in cellular genome maintenance machinery in which they 
interact directly with other genome-maintenance enzymes. The acidic tail (high Asp density) of 
Eco SSB at its C-terminus is believed to be responsible for these interactions, since mutations 
within the C-terminus (Asp-Phe-Asp-Asp-Asp-Ile-Pro-Phe) have a negative impact on cell 
survival [44-48]. One of the mutations results in the loss of DNA replication under nonstandard 
growth conditions [44, 45], and displays sensitivity to the DNA damage under standard 
conditions (permissive conditions). Other mutations similarly impair cell viability [46, 47]. 
Deletion of a highly conserved region among the bacterial SSB (the last 10 amino acids from the 
C-terminus) also makes cells unviable [48].  
SSB’s interaction with DNA plays a role in the replication process, particularly in 
assembly of the replication machinery [47]. In DNA recombination SSB has been shown to 
stimulate DNA helicase activity through direct interaction [49-51], and influence exonuclease 
activity [52]. Additionally, SSB stimulates helicase activity in DNA replication restart [53] and 
exonuclease activity in DNA repair [54, 55]. 
2.4 Influence of DNA Binding Modes on SSB Function 
Though several binding modes of Eco SSB to ssDNA have been observed by various 
methods one must consider whether any particular mode is selectively chosen for different 
metabolic processes in E. coli. No direct evidence for the effect of binding modes on SSB 
function in vivo exist,  though several indirect pieces of evidence suggest that (SSB)65 binding 
mode might be associated with recombination processes under conditions where RecA protein 
stimulates DNA strand exchange in vitro [32]. On the other hand, (SSB)35 binding has been 
proposed to function in DNA replication [2, 56]. In vitro, SSB has been known to stimulate 
RecA filament formation and strand exchange in high salt (~10mM MgCl2), while inhibiting the 
same process in low salt (~1mM MgCl2) [29, 57]. This suggests that the high salt binding mode 
(SSB)65 must be involved in assisting the RecA action. It was shown that the ssbW54S (gene) 
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mutant is defective in both replication and UV repair in vivo [58].  However the most dramatic 
effect of this mutation is that the mutant SSB favorably bound ssDNA in the (SSB)35 binding 
mode even in high salt concentrations [30, 31].  This also supports the idea that (SSB)65 mode is 
critical to the SSB function. On the other hand, DNA replication occurs at high speeds of 1000 
bps/s which would require rapid saturation of the ssDNA generated in the lagging strand, which 
has to have transient long ssDNA intermediates for polymerization during DNA replication. This 
could be accomplished with the help of the (SSB)35 mode with its “unlimited cooperativity” [2].  
Moreover, in replication pathways, specifically in the G4oric replication system, two SSBs 
bind near the oric region that generate a free region of DNA and serve as the E. coli primase 
recognition target [59]. This could be explained by low cooperativity of (SSB)65 mode that has 
its effect on the DNA availability for interaction with other proteins [25, 26].  In this mode SSB 
proteins bind DNA discretely (and independently), forming protein bound regions separated by 
single stranded DNA stretches [28]. This binding mode provides the opportunity for other 
proteins to get access to the DNA at the free regions and may explain why stimulation effects are 
observed (instead of inhibition with (SSB)35 mode due to its high cooperativity). Such a 
mechanism of SSB binding that gives room for other protein factors and initiates the genomic 
maintenance machinery might be a common path of the SSB protein that requires binding in the 
(SSB)65 mode.  It has also been shown that the (SSB)35 mode is efficient in undergoing “direct 
transfer” from one strand to another strand of DNA, which can serve as an extremely useful asset 
to achieve rapid recycling of the SSB protein during replication [19]. However further studies are 
required to find out the role of the binding modes in biological function of this protein. 
2.5 Previous studies 
The interactions of E. coli SSB with ssDNA have been examined structurally [3, 60],  
thermodynamically [24, 56, 61-67] (reviewed in [2]) and kinetically [19, 68, 69]. At low salt 
conditions, binding of SSB to ssDNA is rapid, at a rate of 108-109 M-1s-1 which is very close to 
the diffusion controlled collision rate [19, 70]. On the other hand, the rate of protein dissociation 
is estimated to be extremely low (< ls-1 at room temperature and only~ 400s-1 even at 35-40°C in 
2M NaBr) [19, 70].  To increase dissociation rates, biochemical studies have been performed 
under very high salt conditions. As a result it has only been possible to measure kinetic and 
thermodynamic constants at high, non-physiological salt concentrations. 
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Recent single-molecule fluorescence studies [43, 71, 72] have investigated SSB dynamics 
in complex with ssDNA. Single-molecule FRET (fluorescence resonance energy transfer) in 
particular is a powerful tool that can detect protein interactions with DNA at the single-protein 
level and serves as a molecular ruler to measure molecular distances [73, 74]. Using this 
technique for the first time direct evidence for fluctuations between the two wrapping modes has 
been shown [43]. Interestingly, this study also showed that the SSB binding conformation is very 
dynamic and capable of alternating wrapping topologies without protein dissociation. Other 
FRET studies have shown recently that E. coli SSB can diffuse on ssDNA to facilitate formation 
of RecA filaments [71]. 
Fluorescence readouts are limited in quantitative information content; they can relay the 
presence or absence of a protein [71, 75], or uncalibrated, relative (and not absolute) changes in 
distances [43, 72, 76]. An ideal measurement technique would allow one to distinguish not only 
the presence of a protein but also measure the conformational state of the nucleoprotein complex 
(i.e. how much DNA is wrapped). Recently, the effect of forces applied on a system with SSB 
and ssDNA was studied by using a hybrid instrument consisting of single optical trap and 
fluorescence techniques. It was shown that SSB gradually unwraps from ssDNA starting at 1 pN 
and dissociates at forces of about 10 pN [72]. A model for diffusive behavior of SSB has been 
proposed as well [72].  Due to low resolution of optical trap it was not possible to get detailed 
information about conformational state of SSB/ssDNA complex. In order to achieve this, high 
resolution optical traps have to be used, and will be the main technique to study this system in 
the following Chapters. 
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Chapter 3. Observing binding of E. coli SSB using optical trap 
In this work, we present optical trap measurements of SSB interacting with a 70-nt 
oligodeoxythymidylate (dT)70—a substrate to which SSB binds with highest affinity [1]—with 
single-protein resolution.  Ensemble measurements of the binding affinity of SSB to (dT)70 have 
only been feasible in buffers with very high salt concentrations (NaBr > 0.8 M) needed to lower 
the stability of the nucleoprotein complex [2, 3].   In order to overcome this problem and make 
measurements under more biologically relevant conditions, a new approach is necessary: optical 
traps.  Due to such tight binding of SSB to ssDNA, the question that arises is how SSB is 
removed from ssDNA? What kinds of forces are needed to disrupt a SSB-DNA complex? Can 
the DNA unwrap (partially) from the protein? And if so at what forces does this occur? All these 
questions can be answered by probing SSB/ssDNA interaction with applied force using optical 
traps. Although some of these measurements have been done to some extent [4] using high 
resolution optical traps, enabled us to determine details of ssDNA wrapping around SSB and 
obtain the free energy landscape for SSB/ssDNA interaction.   
3.1 Experimental Design 
The main goal of the work presented in Chapter 3 is to detect nucleic-acid and ssDNA 
binding protein interactions at high spatial and temporal resolution.  To achieve these aim we 
will use an experimental system involving: optical traps, described in Chapter 1 with the 
resolution to detect binding of individual SSBs and to distinguish different partially wrapped 
intermediates; a microfluidic flow chamber, to manipulate the buffer conditions rapidly (ex: 
protein concentration) and in arbitrary fashion; and a DNA construct, to investigate the dynamics 
of SSB/ssDNA complex. Below we outline the technical details of our approach and methods we 
used for experiments.   
3.1.1 DNA construct design 
To achieve our goal of observing SSB-ssDNA interactions with single protein resolution, we 
designed a ssDNA substrate that can accommodate an individual protein and that can be tethered 
between beads in our dual optical trap instrument. 
The SSB-binding construct consisted of three separate fragments that were ligated together 
(Figure 3-1): 1) a 1.5-kbp dsDNA “Right Handle” (RH), 2) a 70-nt ssDNA SSB protein 
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“Binding Site” (BS), and 3) a 1.7-kbp dsDNA “Left Handle” (LH).  The handles served as 
functionalized linkers that bound to trapped beads through biotin-streptavidin and digoxigenin-
anti-digoxigenin linkages and spatially separated the beads from the protein binding site.  RH 
and LH were synthesized from PCR amplification of different regions of a plasmid using 5’ 
biotin-labeled and 5’ digoxigenin-labeled primers (Integrated DNA Technologies, Coralville, 
IA), respectively.  RH was digested with the PspGI restriction enzyme (New England Biolabs, 
Ipswich, MA) and gel purified to yield ~1.5-kbp dsDNA with a 5-nt 5’overhang.  LH was 
digested with the TspRI restriction enzyme and gel purified, resulting in ~1.7-kbp dsDNA with a 
9-nt 3’ overhang.  The last fragment of the construct, BS, consisted of a 70-nt poly-dT 
oligodeoxyribonucleotide flanked by sequences complementary to the overhangs left by 
digestion of RH and LH. The restriction sites were designed to have non-palindromic sequences 
to eliminate self-ligation of RH and LH and produce a high yield of the correct three-fragment 
construct.  The fully ligated construct thus consisted of a 70-nt SSB protein binding site flanked 
by functionalized dsDNA handles labeled with biotin and digoxigenin moieties at each end to 
allow attachment to streptavidin- and anti-digoxigenin-antibody coated beads, respectively 
(Spherotech, 860 nm and 790 nm diameters, respectively).  
Figure 3-1. DNA Construct dsDNA handles (LH and RH) that are functionalized 
with biotin (black squares) and digoxigenin (yellow star) to inserts (black) containing 
SSB binding sites 
+
=
LH RH
70 nt
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3.1.2 Flow chamber 
As mentioned above we needed the ability to change buffer condition rapidly. In order to do 
that we designed a flow chamber that was made by melting patterned parafilm (Nescofilm, 
Karlan Research Products Corporation) between two glass coverslips.  One coverslip had inlet 
holes cut into it using laser engraver system (VLS2.30 Versa laser from Universal laser systems 
Inc.) to allow different buffers to be flowed through.  We constructed chambers with four 
separate inlets into three channels separated by parafilm.  Top and bottom channels contained 
buffers with beads coated with streptavidin and anti-digoxigenin, respectively (Figure 3-2), 
 and these were connected to a central channel through thin glass capillaries (OD 100 µm, ID 25 
µm) to allow flow of both bead types into the trapping region.  A syringe pump (Harvard 
Apparatus, PHD2000) was used to inject two separate buffers merging in the central channel 
(Figure 3-2b).  Though the streams merged, the flow cell dimensions and flow rates ensured that 
laminar flow was established, forming a stationary profile with minimal mixing between the two 
streams.  Similar laminar flow chamber designs have been used in single-molecule studies of 
DNA-protein interactions [5].  The flow chamber could be displaced relative to the two traps in 
all directions by a motorized three-axis translational stage (CMA 12CCCL) and controller 
(ESP3000) from New Port.  Thus, rapid exchange of buffer conditions was possible by moving 
the stage relative to the traps across the narrow laminar flow interface.  We tested the effect of 
laminar flow on our optical trap resolution.  Provided the flow rates were small (<100 µm/s) and 
differential detection of the dual traps was used to subtract common mode noise [6], the effects 
of flow on resolution were minimal.  
 
a 
Figure 3-2. Laminar flow cell a) Image of the flow cell used to create the flow 
streams. b) Cartoon image of the two merging streams 
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3.1.3 Single-stranded DNA protein purification 
E. coli SSB protein was expressed and purified as described in [7] with the addition of a 
double-stranded DNA cellulose column to remove a minor exonuclease contaminant. SSB 
protein concentrations were determined spectrophotometrically in Tris buffer (pH 8.1, 0.2 M 
NaCl) using an extinction coefficient of ε280 = 1.13×105 M-1 (tetramer) cm-1 [8]. 
3.1.4 Buffer conditions 
Experiments were performed in a “trapping buffer” containing 100 mM Tris-HCl, 10 mM 
NaCl, and 0.1 mM EDTA, supplemented with an oxygen scavenging system (400 µg/ml glucose 
oxidase, 80 µg/ml catalase, 0.8% glucose) to increase tether lifetime [9] and 0.1 mg/ml human 
serum albumin (HSA) to eliminate non-specific sticking of the protein to our experimental 
chamber and tubing.  In addition, our chambers were flushed with buffer containing 0.1 mg/ml 
bovine serum albumin (BSA) to inhibit any non-specific interactions before each experiment. 
Protocols for preparing scavenging system and BSA are provided in the Protocols section of the 
thesis.  
3.1.5 Tether formation 
DNA samples were incubated with streptavidin beads (see Protocol section). In the dual trap 
setup typically we would first position the trap within ~10 μm of the capillary tube connecting 
the bottom channel (green Figure 3-2) to the middle channel (red Figure 3-2 ). A small but 
steady flow through this capillary produces a small flow of beads from the bottom channel, 
containing digoxidenin antibody coated beads. Once one of these beads is trapped in one of the 
optical traps, the flow cell is moved to a position close to another capillary tube that connected 
the top (yellow Figure 3-2) and central channels (blue Figure 3-2). This time a small but steady 
flow produces a constant flow of DNA-coated beads. When one of these beads is captured in the 
second trap, the flow cell is then moved so that the traps are positioned far enough upstream 
from the capillary tubes. One should take care not to catch another bead with trap already 
occupied with a digoxigenin antibody coated bead. We work far enough from the capillaries to 
avoid dilution of the reaction buffer due to small leakage from capillaries and to avoid any other 
beads falling into the trap. Once the two beads are trapped we would repeatedly move one of the 
trap relative to another or ‘fish’ trying to form a single tether until force signal is detected. Each 
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time the tether formed one should double check for single tether by taking F-x curve and fit it to 
predicted theoretical plot (Figure 3-4). 
3.2 Gradual unwrapping of SSB as a function of force 
To test single SSB association (Figure 3-3), force-extension curves (F-x curves) of our 
constructs were obtained by increasing the trap separation at a rate ~12 nm/sec, with data 
collection at a rate of 100 Hz. The F-x curve is a plot of force measured versus stretched DNA 
length. The polymer properties of our tethers were determined by fitting the F-x curves to the 
extensible worm-like chain model [10]. Parameters for dsDNA were obtained from 3.4-kbp 
“calibration” dsDNA molecules prepared by PCR amplification (see Protocols) of a section of 
phage lambda DNA using 5’ biotin-labeled and 5’ digoxigenin-labeled primers (Integrated DNA 
Technologies, Coralville, IA).   These molecules were pulled in the same buffer used for the SSB 
experiments and yielded a persistence length of 49 nm and stretch modulus of 960 pN (assuming  
0.34 nm/bp contour length per base pair), consistent with previous measurements under 
similar solution conditions [10].  F-x curves of the bare ss-dsDNA hybrid molecule (the SSB-
binding construct without protein) were modeled by summing the extensions of the ds- and 
Figure 3-3. Schematic of optical trap experiment.  A DNA molecule containing a 
(dT)70 ssDNA SSB binding site flanked by functionalized dsDNA ends is tethered 
between beads held in dual optical traps (top).  Upon binding and wrapping of one 
SSB, the DNA molecule extension decreases (bottom). 
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ssDNA sections of the construct. Using the known lengths for these sections and the fixed 
dsDNA parameters obtained from the “calibration” molecule, ssDNA polymer parameters were 
obtained from fits of the F-x curves. This procedure yielded a persistence length of 1.7 nm for 
ssDNA, consistent with previous measurements (assuming 0.7 nm/nt contour length per 
nucleotide and stretch modulus of 960 pN [11-13]). In our flow cell, we formed a DNA tether in 
a laminar stream containing no protein and ensured that we had a single tether by measuring its 
extension as a function of the force exerted by the dual optical traps.  The force-extension (F-x) 
behavior of molecules in the absence of protein (red curve, Figure 3-4) is in excellent agreement 
with that theoretically predicted from the models of dsDNA and ssDNA elasticity (black curve, 
Figure 3-4) [10, 14, 15], confirming the correct construction of the molecule. When the trapped 
bead-DNA-bead complex was moved to a laminar stream containing SSB, the DNA molecule 
condensed, as seen by its slightly decreased extension at low forces relative to the bare tether 
(blue curve, Figure 3-4).  As tension in the molecule was increased beyond ~10 pN, a “break” 
(inset, Figure 3-4) was observed and the F-x curve overlapped with that of the bare ssDNA 
tether.  Breaks occurred at an average force 10.1 ± 0.2 pN (Figure 3-4) and always in one step, 
indicating the dissociation of an individual SSB from the construct.  This interpretation was 
corroborated by moving a tether with bound SSB back into a stream with no protein and 
Figure 3-4. Representative force-extension behavior of bare DNA molecule (red) and SSB-
bound molecule (blue). Inset: close-up of SSB dissociation event at ~10 pN.  The bare DNA 
molecule force-extension is fit by the model of elasticity described in the text (black line). 
Distribution of dissociation forces (N = 40). 
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observing its F-x behavior.  Within a short time of stretching the molecule (<1 s), the F-x curve 
discretely reverted back to its bare form, indicating that the SSB had indeed dissociated. These 
results demonstrate our ability to detect wrapping of ssDNA by a single SSB tetramer.   
3.3 Tension and its effect on SSB-ssDNA conformation 
 The ability to detect the presence of an individual SSB on our construct and to use 
tension to make it dissociate allowed us to characterize very accurately the change in tether 
extension due to DNA wrapping. This extension change, Δx, provides information on the change 
in the wrapping conformation of the nucleoprotein complex.  In order to investigate this 
dependence further, we determined Δx from the difference in tether extension between the bare 
DNA and SSB-bound DNA F-x curves (Figure 3-4) at each force.  The ability to measure the F-
x behavior with and without protein from the same tether allowed us to eliminate any effects 
from tether and bead variability that could have obscured some of the observed features.  Figure 
3-5 displays the extension change Δx for a selection of individual tethers (gray curves) and the 
average from all tethers (red circles).  As tension is increased, Δx sharply increases from zero, 
plateaus at a fairly constant value of ~10-12 nm, and decreases as the dissociation force is 
approached.  
To measure the extension change upon SSB binding Δx vs. tension (Figure 3-5) F-x curves 
were obtained at fast pulling speeds of 1 μm/s and data were collected at 1 kHz. This procedure 
was used to reduce inaccuracies in Δx observed at slower pulling speeds due to dissociation 
kinetics. Tethers were pulled at speeds faster than dissociation of the protein, ensuring that the 
SSB remained bound over the full range of tensions 0-15 pN, yet slower than the 
wrapping/unwrapping kinetics of the SSB-ssDNA complex.  Pulling and relaxing curves showed 
negligible hysteresis confirming the measurement of the actual SSB-ssDNA conformation. The 
extension change Δx from F-x curves taken at fast (1 μm/s) and slow pulling speeds (12 nm/s) 
were identical at most forces and only exhibited discrepancies only near the dissociation force, as 
expected.   
Moreover, the force dependence of Δx reveals the effect of tension on the wrapping state. 
Interpreting the change in tether extension with regards to the wrapping state of the SSB tetramer 
requires a model.  Two competing effects should contribute to Δx: (i) on one hand the number of 
nucleotides Nw that are wrapped around the protein no longer contribute to the elasticity of the 
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tether, but (ii) the ends of the ssDNA bound to the SSB are now separated by a distance that is 
dependent on the wrapping geometry (Figure 3-6). The change in extension (in nm) upon 
binding one SSB is the difference of those two contributions: 
)()( wSSBsswss NxhNFx −ξ=Δ     (3-1) 
where ξss is the extension of one ssDNA nucleotide at a tension F according to the worm-like 
chain model of elasticity, hss is the 0.7-nm contour length per nucleotide of ssDNA [11-13], and  
xSSB is a geometrical factor that accounts for the distance between the wrapped ssDNA ends on 
the SSB.   
The dashed black line in Figure 3-5 is a prediction for Δx based on this expression, assuming 
the protein remains in the (SSB)65 mode at all tensions (Nw = 65 nt) and that xSSB is zero; i.e. the 
ends of the wrapped ssDNA exit the protein next to each other, as indicated by the model for the 
(SSB)65 wrapping mode derived from the crystal structure [16].  Though this prediction is in 
reasonable agreement with the data at low forces (<1 pN), it overshoots significantly at larger 
Figure 3-5. Conformation of SSB-DNA complex under mechanical tension.  Extension 
change, Δx, upon SSB binding vs. tension.  Individual traces (gray; N = 15 traces) were 
binned and averaged to yield the mean Δx (red circles).  The extension change determined 
from individual binding/unbinding time traces exhibits good agreement (blue circles). The 
model for Δx (black dotted line) assumes 65 nt remain wrapped around the protein. 
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tensions.  Our data thus suggest that ssDNA is gradually unwrapped from the SSB at forces of 1-
8 pN until complete dissociation.  This would indicate that tension shifts the protein from the 
canonical (SSB)65 mode to a different wrapping configuration.  
In principle, Eq. (3-1) can be used to extract how the number of wrapped nucleotides Nw 
depends on tension.  The factors in the first term, ξss and hss, that depend on the elastic and 
structural properties of ssDNA are well determined [11-13] and are consistent with our own fits 
to the bare tether F-x curves.  The second term, xSSB, requires knowing the configuration of 
ssDNA around the SSB at each tension. As shown in Figure 3-7a, we modeled this in two ways: 
(i) from a “toy” model in which the SSB was approximated as a cylinder with ssDNA wrapped 
around its circumference (blue curve), and (ii) from the crystal structures of the protein in the 
(SSB)65 mode (red curve) [16]. In the toy picture, we assumed that 65 nt of ssDNA wraps around 
the full circumference of the SSB such that its ends exit the protein at the same point.  It is 
Figure 3-6. Schematic representation of Δx.  Top: Bare 65-nt ssDNA and its extension based 
on the model of elasticity described in the text.  Bottom: SSB-bound ssDNA, showing Nw 
(<65) nucleotides wrapped (cyan) and the remainder unwrapped (red).  Δx is the difference 
between the end-to-end extension of Nw bare nucleotides (top, cyan) and the separation 
between the wrapped ssDNA ends on the SSB, xSSB (bottom, cyan), accounting for rotational 
diffusion of the protein (bottom, blue dotted lines). 
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easy to show from geometry that the separation between the ends of the wrapped ssDNA, Δs 
(which is related to xSSB, as discussed below), is given by )sin( totw NNDs π=Δ . Here, D is the 
“effective” diameter of the protein (taken to be ~50 Å based on the SSB structure), and Ntot = 65 
nt is the total number of nucleotides available to wrap.  This function (blue curve, Figure 3-7a) 
is zero when the SSB is both fully wrapped and unwrapped, and it reaches a maximum when the 
exiting ends of the ssDNA are on opposite ends of the protein.  Our alternate model utilizes the 
(SSB)65 crystal structure as a starting point for estimating the wrapping geometry at different 
tensions.  Here we calculate the separation Δs between wrapped ssDNA ends as we remove one 
nucleotide at a time from each end in the structure, maximizing their separation in response to 
the force applied (this implicitly assumes identical contacts are made by each nucleotide to the 
protein).  Qualitatively, this function, plotted vs. Nw (red curve, Figure 3-7a), resembles that of 
the toy model, though differences emerge from the structural details.   
The geometrical factor xSSB in Eq. (3-1) does not depend solely on the end-to-end wrapped 
ssDNA separation Δs.  Another factor contributing to xSSB is the fact that the nucleoprotein 
complex can diffuse rotationally.  At very low tensions, in fact, we expect that the contribution 
of Δs on the tether extension to be negligible because the protein-DNA complex can reorient 
itself completely by thermal fluctuations, such that xSSB averages to zero.  As force F is exerted, 
Figure 3-7.  (a) Δs vs. Nw based on a “toy” model approximating SSB as a cylinder with 
ssDNA wrapped around its circumference (blue) and based on the crystal structure of the 
protein in (SSB)65 wrapping mode (red). Inset: schematic for Δs vs. Nw in the “toy” model.  
(b) Wrapping conformation (Nw) vs. tension (F) based on the “toy” (blue) and structural (red) 
models of Δs.  Error bars are s.e.m. 
a b 
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however, a torque is applied to the complex dependent on the end-to-end separation Δs, orienting 
it along the direction of tension.  Therefore, only the component of Δs tangent to the tether axis 
(along the tension F) contributes to the measured extension change Δx (Figure 3-6).  One can 
show that this component is given by 
)()()( wBwSSB NsTksFLNx ΔΔ=     (3-2) 
where zzzL 1)coth()( −≡ , is the Langevin function [17], derived from the alignment of a 
particle undergoing Brownian rotational motion to an external torque (Appendix B).  (In Eq. (3-
2), Nw implicitly depends on force F.)  The effect of this factor is to suppress the contribution 
from the wrapping geometry on the measured extension change Δx at low tensions. 
Using Eqs. (3-1) and (3-2), we extracted Nw from the measured extension change Δx at each 
tension F.  The results of this procedure are shown in the plot of Nw vs. F in Figure 3-7b for both 
configuration models (blue circles for the toy model, red circles for the structure-based model).  
Nw exhibits a gradual decrease from ~65 nt as tension increases from 1-10 pN.  Moreover, the 
trends for both curves are nearly identical, indicating that the details of the geometrical factor 
xSSB are largely unimportant.  Thus, the effect of tension on the SSB-ssDNA complex is to 
unwrap the protein gradually; importantly we see no evidence for discrete changes in wrapping 
states with tension. 
3.4 Discussion 
The measurements of the extension change Δx vs. tension (Figure 3-5) allow us to form a 
picture of the energy landscape governing SSB-ssDNA complex formation.  From Δx and the 
two geometrical models for the SSB-ssDNA complex conformation we estimated the number of 
nucleotides wrapped at each tension, Nw(F).  Though the details of the two models differ, the 
overall trends are duplicated.  The data indicate that the protein remains fully wrapped (Nw ≈ 65 
nt) only for tensions <1 pN, then gradually unwraps as tension is increased from 1-8 pN.  One 
observation is that at forces >6 pN, enough ssDNA is presumably available to bind a second 
protein.  However, experiments at those forces surprisingly provide no evidence for more than a 
single SSB binding or dissociation event, even at elevated protein concentrations (44 nM; data 
not shown).  These results suggest the bound SSB may be too diffusive on ssDNA to allow a 
second protein to wrap the limited—though technically sufficient—ssDNA available.  Indeed, 
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we observe multiple binding (or unbinding) events only on longer substrates (175-nt poly-dT; 
data not shown).  
These observations allow us to propose an energy landscape for SSB-ssDNA interactions as 
plotted schematically in Figure 3-8 against the number of wrapped nucleotides Nw.  The 
minimum in the free energy curve corresponds to a particular wrapping conformation.  The 
effect of tension on DNA is to tilt the free energy surface along the mechanical reaction 
coordinate [18], shifting this minimum.  At zero tension the nucleoprotein complex resides inside 
a shallow potential well near its canonical (SSB)65 conformation.  The energy barrier around this 
well is likely quite low (of order ~1 kBT) since a small tension of only ~1 pN is sufficient to 
begin unwrapping the protein.  As tension is increased beyond 1 pN, the gradual unwrapping 
indicates that the energy landscape of the complex is quite shallow and smooth in these 
Figure 3-8. Proposed energy landscape for SSB-ssDNA interactions. Free energy surfaces 
are plotted vs. the number of wrapped nucleotides Nw for different forces. At zero force 
(blue), the SSB exists in its canonical (SSB)65 wrapping mode. Force tilts the free energy 
surface, shifting the equilibrium to a less wrapped state (red). At the dissociation force 
(green), the SSB is mostly unwrapped and dissociation occurs through thermal activation 
over a final energy barrier, leading to a discrete change in Nw. Above the dissociation force 
(black) the SSB only engages with ssDNA loosely without wrapping the molecule. 
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intermediate wrapping conformations (Nw ≈ 65-20 nt).  This landscape cannot exhibit large 
energy barriers since these would lead to discrete transitions in the extension, which were not 
observed until complete dissociation.  As shown schematically in Figure 3-8, as tension is 
increased, tilting the free energy surface, the energy minimum is shifted gradually.  Finally, 
discrete ~8-4 nm-sized transitions are observed for forces of 8-10 pN, where the ssDNA unwraps 
completely from the protein in one step and dissociates.  These events indicate a larger free 
energy barrier in the near-minimal wrapping conformation (Nw ≤ 20 nt).   
3.5 Summary 
Together these findings suggest a very dynamic picture of SSB-ssDNA interactions.  In 
intermediate wrapping conformations (Nw ≈ 65-20 nt), the protein is free to wrap and unwrap 
significant lengths of ssDNA with little free energy cost.  This transient wrapping/unwrapping 
may provide a mechanism for the observed diffusive motion of SSB along ssDNA [19, 20].  This 
energy landscape may also explain how genome maintenance translocases (e.g. polymerases, 
helicases) can cause SSB to be displaced along ssDNA.  Our observations suggest that these 
motor proteins need only generate very low forces (of order ~1 pN) to disrupt the (SSB)65 
structure and begin unwrapping ssDNA.  Once partially unwrapped, diffusion can be biased by 
motor translocation to displace the SSB.  Finally, only 10 pN of force are needed for the protein 
to dissociate completely, within the range of motor forces observed. 
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Chapter 4. Binding Dynamics of (SSB)65 Binding Mode 
4.1 Introduction 
In the previous chapter we showed that ssDNA can be gradually unwrapped from ssDNA 
with force. By probing SSB/ssDNA interactions with force we showed that we can dissociate 
SSB with forces above 10 pN. The ability to disrupt the complex with mechanical force applied 
to the ssDNA allows us to obtain thermodynamic parameters associated with this interaction 
under lower salt concentrations where such information is difficult to obtain by ensemble 
methods which require very high salt concentrations [1-4]. Here we present optical trap 
measurements to study SSB kinetics and thermodynamics under more biologically relevant 
conditions. In measurements of SSB dynamics, mechanical force allows us to distinguish 
between the binding and DNA wrapping kinetics of the protein.  With this method, we are able 
to determine the kinetics of binding and DNA wrapping, the free energy of protein dissociation.  
These findings not only provide insight into the interaction between SSB and DNA, but also into 
the mechanism by which SSB diffuses along ssDNA  and by which it can be displaced by the 
genomic machinery [5, 6]. 
4.2 Experimental results 
The ability to detect the presence of an individual SSB on our construct and to use tension to 
make it dissociate allowed us to characterize very accurately the binding and unbinding kinetics 
of the protein.  Briefly, we held a tether at a tension higher than the dissociation force (>10 pN) 
in a buffer with SSB, then suddenly dropped the tension to a range permissive for binding (<10 
pN) (Figure 4-1a).  After a short time, we observed a stepwise increase in the tension on the 
molecule corresponding to DNA condensation from SSB binding (Figure 4-1b).   
With this “force-jump” technique we were able to detect individual binding events with high 
temporal resolution (~0.1 s).  Moreover, by repeating the force-jump cycle the same tether could 
be recycled many times, allowing us to collect extensive statistics (~50 binding events per tether, 
typically) and determine the distributions of binding times, τbind, for a number of conditions. 
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4.2.1 Diffusion limited binding process 
In a first experiment, we measured SSB binding kinetics as a function of protein 
concentration ([SSB] = 0.44-1.32 nM tetramer), jumping from a high tension >10 pN to a low 
force of 2.5 ± 0.4 pN, constant across the range of concentrations.  As shown in Figure 4-2a, 
binding time distributions determined at varying SSB levels were exponential, indicative of a 
single rate-limiting kinetic event. 
These distributions were fit to an exponential function (Figure 4-2a), 
)exp()( bindbind kkP τ−⋅=τ      (4-1) 
to determine the average binding rate, k. As shown in Figure 4-2b, k increased linearly with SSB 
concentration, as expected for a bimolecular reaction.  The slope of this line yields a second-
order binding rate constant kbind = 6.4×108 M-1s-1, which approaches the value of a diffusion-
limited bimolecular collision.  Our value for kbind is in good agreement with estimates from bulk 
stopped-flow kinetic measurements under similar buffer conditions [2] suggesting that the 
tethering geometry and the low tension in these single-molecule measurements do not disrupt the 
SSB binding process significantly. 
Figure 4-1.  Kinetics of SSB binding and unbinding under mechanical tension. (a) At t = 
0, the tension is decreased from F > 10 pN to ~2 pN; SSB binding leads to an observed 
increase in force at τbind.  (b) Representative time traces of force-jump measurements to 
determine binding time τbind.   
a b 
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4.2.2 Force spectroscopy of binding rates 
Since higher tensions eventually lead to dissociation of the protein, we investigated further 
the role of force on SSB-(dT)70 binding kinetics.  The force-jump experiment described above 
was repeated in a different manner, varying the force to which the tether was dropped (2-8 pN) 
while maintaining a constant SSB concentration (0.88 nM).  Under this range of conditions, the 
binding time distributions were also single-exponential (data not shown), and the average 
binding rate k was affected only slightly by tension (F < 8 pN, red circles, Figure 4-4).  This 
result indicates that for a wide range of tensions SSB binding kinetics are unaffected.  At forces 
of 8 pN and larger, however, the behavior changed noticeably and we observed both protein 
binding and unbinding events.  Rather than utilize the force-jump technique, we characterized 
these events by maintaining a constant tension on the tether, operating the optical tweezers in 
force feedback [7].  Figure 4-3a displays typical time traces of the tether extension obtained at 
different forces.  Here protein binding was observed as a decrease in extension due to 
condensation of the tether and protein dissociation as an increase in extension.  The time traces 
in Figure 4-3a exhibit a characteristic two-state hopping pattern between low extension or 
“condensed” state (offset to 0 for clarity), corresponding to SSB-bound DNA, and high extension 
(4-8 nm, depending on tension), corresponding to the bare DNA tether.  As force on the DNA 
increases, the equilibrium can be seen to shift gradually to the unbound state. 
Figure 4-2. SSB binding kinetics  (a) Representative binding time distributions and fits to 
exponential at [SSB] = 0.4 nM (blue) and 1.3 nM (red) at a tension F = 2 pN.  (b) Average 
binding rate vs. [SSB] and fit to line with slope kbind = 6.4×108 M-1s-1 (N = 200 – 300).   
a b 
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From these traces, we were able to measure individual binding and dissociation times, τbind 
and τunbind, at high tensions (>8 pN), and collect sufficient statistics to compile probability 
distributions.  As shown in Figure 4-3b, unbinding time distributions were single exponential at 
those forces, indicating a single rate-limiting kinetic event.  The average rates determined from 
these distributions together with those obtained at low forces from force-jump experiments are 
plotted against tension in Figure 4-4.  Above 8 pN, both binding (red circles) and unbinding 
(blue triangles) exhibit a force dependence, crossing at a force of ~10 pN.  At this force the 
tethers spend half their time in the SSB-bound state and half in the bare state on average. 
The force dependence of the binding/unbinding kinetics reveals important features of 
nucleoprotein complex formation.  Since wrapping of ssDNA by the SSB condenses the tether 
against the tension applied by the optical traps, we expect that wrapping (and the reverse 
reaction, unwrapping) should be strongly force-dependent.  In contrast, any process that does not 
affect the extension of the DNA molecule should not display tension sensitivity.  Thus, force 
provides a useful probe to distinguish kinetic steps that affect DNA conformation from those that 
do not.  In Figure 4-4, the average binding rate (red curve) displays a biphasic behavior, largely 
independent of tension from 2-6 pN, and force-dependent from 8-10 pN.  This observation 
suggests that two different kinetic events may be involved at different tensions.  To test this idea, 
the binding rates were fit to a model where binding occurs in two successive kinetic steps 
Figure 4-3.  Binding rate force spectroscopy.(a) Representative time traces of force-feedback 
measurements at tensions F = 7 pN (blue), 9 pN (black), and 10 pN (red) at a concentration 
[SSB] = 0.88 nM.  Hopping between bare (high) and SSB-bound (low) states determines the 
binding and unbinding times τbind and τunbind, respectively.  (b) Representative unbinding time 
distributions and fits to exponential at F = 10 pN (blue) and 11 pN (red) at a concentration 
[SSB] = 0.88 nM. 
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(Figure 4-4, inset): (i) a tension-independent, second-order process where the SSB come into 
loose contact with ssDNA, followed by (ii) a tension-dependent first-order step in which the 
ssDNA is wrapped.  A similar mechanism was proposed previously based on ensemble kinetic 
results [2]. Based on this model, the observed binding rate is given by the following expression: 



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where kbind is the second-order binding rate constant from the unbound to loosely bound state, 
kunbind  is the unbinding rate from this loosely bound conformation, and 0wrapk is the force-
dependent wrapping rate at zero tension. The wrapping process is assumed to be driven by 
thermal activation over a free energy barrier [8], leading to the exponential force dependence. 
Here, Δxb is the distance to the barrier in the free energy landscape of SSB-DNA interactions 
along the mechanical reaction coordinate of the experiment. A similar expression is obtained for 
the observed unbinding time:  
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 Figure 4-4. Average binding (red) and unbinding (blue) rates vs. tension (N = 100 – 200).   
Inset: schematic of two-step kinetic model for binding and wrapping.  The data are well fit by 
the kinetic model (red and blue lines).  Error bars are s.e.m. 
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where 0unwrapk  is the unwrapping rate at zero tension, and Δxu is the distance along the mechanical 
coordinate between the wrapped state and the free energy barrier for dissociation.  
The diffusion limit places an upper bound on the binding rate kbind in Eq. (4-2). Thus, at the 
SSB concentration assayed, 0.88 nM, kbind[SSB] must be of order ~1 s-1. This is consistent with 
the fact that the observed binding rate is independent of force at low tensions, i.e. that the rate-
limiting step is likely kbind. Conversely, the observed unbinding rate displays a strong force 
dependence, increasing from a negligibly small value at low forces (no unbinding events were 
detected at tensions <7 pN), to a value exceeding that of the binding rate at high forces. This 
indicates that the unwrapping step is rate-limiting. It follows that kunbind in Eq. (4-3) must be 
much larger than the maximum observed unbinding rate in the experiments, ~1 s-1. As a result, 
kunbind » kbind[SSB]. This observation simplifies Eq. (4-2) since the rightmost term in the 
parentheses dominates, and Eq. (4-3) since the first term is negligibly small. The fit of Eq. (4-2) 
to the binding data is excellent (red curve Figure 4-4) and yields values of kbind = (7 ± 0.3)×108 
M-1s-1, 0wrapk /kunbind = ~10
2 s-1, and Δxb = 1.4 ± 0.3 nm. The fit of Eq. (4-3) to the unbinding data 
(blue curve Figure 4-4) yields values of 0unwrapk  = ~10
-3 s-1 and Δxu = 2.8 ± 0.5 nm. The small 
value for 0unwrapk  indicates that dissociation is a very rare event at forces less than 7 pN, which is 
consistent with what we observe experimentally.   
Thus, according to the data and model the binding/unbinding and wrapping/unwrapping 
rates for 0.88 nM SSB and zero tension are ordered as follows: 0wrapk » kunbind » kbind[SSB] » 
0
unwrapk . These results indicate that the loosely bound state is a short-lived intermediate; at low 
tension (where 0wrapk > kunbind), the SSB-ssDNA complex is driven kinetically to the wrapped state, 
and at tensions close to 10 pN (where kwrap(F) < kunbind) it is driven to dissociation. 
4.3 Discussion 
Our measurements of single SSB-ssDNA complexes under tension provide insight into the 
dynamics, energetics of nucleoprotein complex formation and dissociation as well as the 
wrapping topology.  The characterization of binding/dissociation kinetics by force-jump and 
force-feedback experiments strongly suggests that SSB-ssDNA complexes form in two 
successive steps, as depicted in the inset to Figure 4-4.  In our simple model used to fit the data 
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in Figure 4-4, we assumed an exponential form for the rate dependence on tension (Eqs. (4-2) 
and (4-3)).  From these fits, the distances to the transition state along the mechanical reaction 
coordinate, Δxb and Δxu for binding and dissociation, sum to 1.4+2.8 = 4.2 nm.  This value is in 
excellent agreement with the extension change Δx = 4.4 nm measured upon SSB binding near the 
dissociation force ~10 pN (Figure 3-5, red points determined from the force-extension behavior, 
and blue points from constant force binding/unbinding transitions), a tension where the rate 
dependence on force is most pronounced and detectable. This observation corroborates our 
interpretation that the force-dependent step involves the transition from the loosely bound to the 
fully wrapped state.  In this picture, the distance to the transition state for binding, Δxb, 
corresponds to the “minimal” ssDNA interaction length required to wrap the protein.  A distance 
Δxb of 1.3 nm equates to 5-6 nt at a force of 10 pN, based on our conversion from extension to 
number of wrapped nucleotides in Figure 3-5 (i.e. at 10 pN, 15 nt of wrapped ssDNA 
corresponds to 4 nm in extension change).   
The rate constants determined from the fits of our kinetic data to the two-step model allow 
us, in principle, to calculate the equilibrium constant for SSB-(dT)70 binding under our solution 
conditions. The force-dependent equilibrium constant is related to the rate constants by the 
expression 
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where 0eqK  is the equilibrium constant at zero force, and Δx = Δxb + Δxu is the extension change 
between unwrapped and wrapped states.  Based on Eq. (4-4), our fitted rates lead to an estimate 
of 0eqK ~ 10
14 M-1, corresponding to a standard binding free energy (at zero force) of ΔG0 ~ 30 
kBT.  However, one should exercise caution with this estimate.  Though the force-dependent rates 
in Eqs. (4-2), (4-3), and (4-4) are valid in the vicinity of the dissociation force where the data 
were fit (~10 pN), extrapolating these expressions to zero force implicitly assumes that the 
extension change Δx is constant.  However, it is evident from Figure 3-5 that this assumption is 
not justified; Δx(F) decreases as tension increases from 2-10pN, and extrapolation based on a 
value of Δx near 10 pN will underestimate the true equilibrium binding constant.  
One can show (Appendix A) that a force-dependent extension change Δx(F) can be 
accounted for by modifying the expression for the equilibrium constant to 
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Note that the integral in the exponential is simply the area under the Δx vs. force curve in Figure 
3-5, and thus can be obtained directly from our measurements.  Using Eq. (4-5) to properly 
extrapolate Keq(F) near the dissociation force to 0 pN yields a better estimate of 0eqK  ~ 10
19 M-1, 
corresponding to a free energy of ΔG0 ~ 45 kBT.   It should be noted that the very high affinity of 
SSB to ssDNA (dT)70 and the competitive effects of the different binding modes has made 
measurements of the equilibrium constant at low salt concentrations difficult in bulk studies [9].  
To date, accurate measurements for SSB binding to (dT)70 have been made only under very high 
salt concentrations (even requiring NaBr rather than NaCl), solution conditions that lower the 
equilibrium binding constant to Keq < 109 M-1 (Keq = 4×109 M-1 in 0.8 M [NaBr], pH 8.1, 25°C) 
[9, 10].  The ability to use force to disrupt SSB interactions to ssDNA allows us for the first time 
to make reasonable estimates thermodynamic properties under lower salt conditions (10 mM 
NaCl).  
4.4 Summary 
 We carried out measurements of SSB binding/unbinding and wrapping/unwrapping 
kinetics as a function of mechanical force with our optical trap assay. The data indicate a two-
step mechanism where: 1) SSBs bind to ssDNA in a fast, diffusion-limited step and adopt a 
short-lived “loosely bound” mode where the protein is in contact with ssDNA but does not wrap 
it, and 2) SSBs wrap the available ssDNA in a fast, tension dependent step.  Dissociation with 
force occurs in part because of the slight decrease in wrapping rate with tension, but mostly 
because of a large increase in unwrapping rate.  Fitting the kinetic data allowed us to estimate 
individual rates for these two steps, and these yield equilibrium constants consistent with the 
thermodynamics measurements. 
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Chapter 5. Interaction of E.coli SSB with long ssDNA 
5.1 Introduction 
As described in the introduction Chapter 2 E. coli SSB is unique among ssDNA-binding 
proteins in that it can bind its substrate in two distinct modes: (SSB)65 and (SSB)35, which bind to 
65 and 35 nucleotides, respectively [1].  In (SSB)65 binding mode ssDNA wraps around all four 
monomers (shown schematically in Figure 2-1).  In contrast, the (SSB)35 mode likely involves 
interactions of ssDNA with only two monomers at diagonal ends of the tetramer [2] (Figure 2-
1). Two types of cooperative binding to ssDNA, referred to as “limited” and “unlimited”, have 
been observed for Eco SSB [3, 4], and these yield complexes with quite different properties in 
vitro [4-6]. Although the mechanism of forming clusters is not clear, it is clear that the (SSB)65 
binding mode displays a “limited” type of cooperativity [3, 5, 7] in which SSB filaments appear 
to be limited to the formation of dimers of SSB tetramers (octamers), which are seen as “beads” 
in the EM [8]; long nucleoprotein filaments of SSB tetramers do not form along ssDNA in this 
mode [4]. However in the “unlimited” cooperativity mode long clusters of SSB can form which 
appears to be correlated with the (SSB)35 binding mode [4, 9].  
In this study, we will try to address the following issues: What are the energetics and 
dynamics of SSB oligomerization?  How do these differ from the single-protein behavior, and do 
the differences reflect protein-protein interactions?  Are filaments uniformly composed of SSBs 
in the same binding mode? What is the minimal protein cluster size competent to nucleate 
filaments? In order to do this we needed to design DNA substrates that had multiple binding sites 
for SSB proteins. We achieved this in two ways: 1) one substrate had 175 nucleotides so that at 
least two SSBs could bind in “65” binding mode, which we named “dT175”, 2) a very long 
ssDNA that had up to 1700 nucleotides, named “dN1700”, where multiple binding events could 
be observed. 
5.2 Experimental procedures 
5.2.1 Medium length ssDNA construct 
Our DNA construct design described in Chapter 3 gives us the flexibility to interchange the 
protein binding site fragment with substrates of varying length, sequence, or secondary structure.  
 
 
58 
 
We have main results on a poly-dT, 70-nt ssDNA site (to detect the binding of a single SSB in 
(SSB)65 mode or two in (SSB)35 mode). We have adapted this approach to make a poly-dT, 175-
nt site to accommodate two proteins in (SSB)65 mode or five in (SSB)35 mode. 
5.2.2 Long construct   
We have also designed a long (>1 kb) ssDNA substrate to allow binding of tens of SSB.  Due 
to difficulties in synthesizing ssDNA oligomers of such length to ligate into our modular 
construct, we have adopted a different procedure.  Here, our basic approach is to utilize an 
exonuclease to digest one strand of a dsDNA molecule, then ligate functionalized dsDNA 
handles to this molecule in order to form tethers in our traps (Figure 5-1).  Briefly, we use a 
nicking enzyme to introduce one lesion into the bottom strand of a circular plasmid at one 
position.  The exonuclease ExoIII (New England Biolabs) then digests the bottom strand 
beginning at the nick, moving in the 3’-5’ direction at a rate of ~0.5 kb per minutes at 37°C. The 
plasmid is then cut with two restriction enzymes and ligated to complementary biotinylated 
and digoxigenated dsDNA handles at each end.  The complete constructs are remarkably 
uniform, consisting of a 1700-nt ssDNA substrate flanked by 1.3-kb biotinylated and 1.8-kb 
digoxigenated dsDNA. 
Figure 5-1. SSB binding constructs. Construction involves ligating dsDNA handles 
(LH and RH) that are functionalized with biotin (green triangle) and digoxigenin 
(yellow star) to an exonuclease-digested plasmid (black).
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5.3 Protein clustering on 175nt poly-dT 
To investigate nucleoprotein filament formation, we first performed preliminary tests with 
our “dT175” construct containing a 175-nt binding sites.  F-x curves of this molecule are similar 
to those of the single-protein “dT70” substrate, with an expectedly larger transition region 
(Figure 5-2a, and inset).  Importantly, the dissociation force (~10pN) is identical in both 
constructs, suggesting that the presence of additional protein does not increase the stability of the 
SSB-ssDNA interaction (more on this point below).  Probing the extension of the tether under 
force feedback as it is moved into a laminar stream containing SSB (4.4 nM), we typically detect 
3 or more individual binding steps, as shown in Figure 5-2b, inconsistent with all the proteins 
being in (SSB)65 mode (65 x 3 > 175).  The measured step sizes are generally consistent with the 
single-protein data at the various tensions, though more variability is observed (9-12 nm).  In 
particular, richer dynamics are commonly detected, in which the ssDNA extension varies by 
large distances (>5 nm) on relatively slow (~0.1-1 s) timescales (Figure 5-2b). These results 
may indicate that some proteins are in intermediate wrapping states and are transiently wrapping 
and unwrapping from their substrates. 
Figure 5-2.  Binding of multiple SSB. (a) F-x behavior for “dT-175” ssDNA construct with 
(red) and without (blue) protein. Black dotted line is a fit. (b) Representative binding time 
traces. F=8 pN. 
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5.4 Binding dynamics of SSB to Kbps of random sequence DNA 
We also tested our “dN1700” construct with a 1700-nt long ssDNA site.  In the presence of 
SSB, this molecule exhibits a different F-x behavior compared to the shorter constructs (Figure 
5-3a).  At low forces (2-15 pN), the molecule is compacted due to wrapping by the SSBs, then 
smoothly transitions to that of the bare tether at high forces (> 20 pN).  As expected, there is 
more compaction (~300 nm at 7 pN) relative to the shorter constructs since there is more 
available ssDNA for SSBs to bind.  More importantly, whereas dissociation of the protein is 
observed at a force of only 10 pN in the “dT70” and “dT175” constructs, here we must pull to 20 
pN for the F-x curves of the SSB-bound molecule and bare molecule to overlap (Figure 5-3a).  
(Moreover, we have never observed dissociation of even one individual SSB from the tether at 
10 pN).  If the SSBs were independent, non-interacting proteins, we would expect that the 
same tension would be required to dissociate several proteins as for an individual protein.  Our 
result may thus represent a direct manifestation of interactions between SSBs, expected for a 
cooperative binding mode. 
As in the other constructs, force feedback experiments (green trace, Figure 5-3a) reveal 
compaction in steps; typically, in the range of ~20 transitions (close-up, Figure 5-3b).  The 
Figure 5-3.  Binding of multiple SSB. F-x behavior for a) “dN1700” constructs with (blue) 
and without (red) protein. Black dotted lines are fits; green trace shows compaction at a 
constant tension. b) Representative binding time traces in. 
a b 
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predominant step size is consistent with the single-protein data (9-12 nm at tensions of 7-10 pN), 
though wrapping/unwrapping dynamics are prevalent and variability is also observed, as can be 
seen directly in sample time traces (Figure 5-3b, dotted lines indicate steps).  This variability 
suggests a non-homogeneous SSB-ssDNA filament, composed of proteins in various binding 
states.  Our high-resolution measurements allow us to detect this detailed nucleoprotein filament 
structure for the first time.  
5.5 Discussion 
Although the F-x curves for bare and SSB-bound DNA overlap at forces >20 pN, we have 
evidence that the proteins remain bound at these comparatively high tensions.  Taking advantage 
of our laminar flow cell setup, we place our tether in a region containing a high concentration of 
SSB (4.4 nM) to saturate it with protein, then move the molecule to a region with no protein.  
Despite the absence of SSB, the F-x curves (pulling to >20 pN) remain almost identical to those 
in the presence of protein for an extended period of time.  It takes an excess of 8 s at a high 
tension of ~30 pN to observe complete dissociation of the SSB from the construct, in stark 
contrast to our measurements of the single SSB.  These results suggest that the proteins remain 
bound to the DNA, albeit in a “loose” configuration in which ssDNA is not wrapped.  Moreover, 
they indicate that the transition regions (~20 pN) in the F-x curves do not represent unbinding of 
the protein, but rather unwrapping to a “loose”, but still DNA-bound state.  We suspect that this 
is the same loose binding mode observed in the single-protein measurements.  However, our data 
surprisingly suggest that even this unwrapped mode is less prone to dissociation with tension 
when present in cluster, perhaps pointing to protein-protein interactions at this level.  
5.6 Summary 
We carried out measurements of SSB interaction with long and medium length ssDNA 
binding substrates as a function of mechanical force using our optical trap assay. The data 
indicate that 1) for a DNA substrate that can accommodate 2 to 3 SSBs does not effect on 
dissociation force whatsoever, and 2) SSBs bound to longer stretches of ssDNA bound much 
tighter, probably due to nucleoprotein filament formation. Furthermore, we have evidence that 
SSB can bind to ssDNA in intermediate wrapping states and are transiently wrapping and 
unwrapping from their substrates. 
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Chapter 6. Enhancing Rep helicase activity 
6.1 Introduction 
In the previous chapters we studied the direct interaction of a protein with DNA. In this 
chapter, we explore whether protein conformation, specifically orientation of different domains 
within a single protein, can enhance its activity. As an example of such a protein we studied a 
particular type of helicase called Rep from E. coli. Helicases are motor proteins that use energy 
from NTP binding and/or hydrolysis to unwind dsDNA into two complementary strands. DNA 
unwinding is essential for a variety of biological processes like DNA replication, recombination, 
and repair. DNA helicases can unwind dsDNA in the absence of other replication machinery in 
vitro, some of them with high processivity and with unwinding rates up to 500 bp/sec [4]. 
(Processivity is defined as the length of DNA that can be unzipped at once without dissociation). 
Helicases physically translocate along DNA, and do so by going through conformational changes 
caused by a chemical reaction (binding/hydrolysis of NTP) and release of the subsequent product 
(NDP + Pi) [5-9]. Many helicases are believed to function as oligomers, generally as dimers or 
hexamers. Oligomerization may provide helicases with multiple DNA binding sites, which is 
required for helicase function [6-8].  
DNA helicases play a central role in DNA metabolism. Mutations in helicases result in a 
number of human genetic diseases; including xeroderma pigmentosum (XP), Bloom's syndrome, 
Werner's syndrome, and a-thalassemia [10]. For example, XP is a human disease that increases 
the risk of skin cancers and can also contribute to neurological problems. Mutations in helicases 
XPB and XPD that are responsible for repairing DNA result in deficiencies in nucleotide 
excision repair. Furthermore, mutations in XPB and XPD genes are also linked to two other rare 
diseases, Cockayne's syndrome and tricothiodystrophy. Both of these diseases result in problems 
associated with cell development, but without subsequent risk of cancer. The genes linked to 
Bloom's syndrome and Werner's syndrome also have been shown to encode DNA helicases that 
have sequence similarity to E. coli RecQ DNA helicase [11, 12]. Mutations in these two genes 
result in a high risk of cancer and chromosomal problems, and in the case of Werner's syndrome, 
premature aging. However, the biological function of either helicase is not yet clear [10].  
The general existence of helicases in prokaryotes, eukaryotes, and viruses demonstrate 
their importance in nucleic acid metabolism. Almost all organisms possess multiple helicase 
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genes. In E. coli for example, at least 12 different DNA helicases have been identified [8], where 
each of them may play a role at different DNA metabolism processes. Due to their importance in 
DNA metabolism and their association with human genetic diseases, helicases have been a wide 
subject of research in the scientific community and are potential targets for drug development.  
6.1.1 SF-I helicases 
Helicases have been divided into a number of families and superfamilies (SF1, SF2, SF3, 
F4 and F5) based on amino acid sequence [13]. The first two and largest superfamilies are 
defined by seven conserved regions of primary structure or helicase motifs (Figure 6-1). Motifs 
I-VI and Ia [13] are involved in either nucleotide and/or DNA binding sites, motifs I and IV 
generally interact with ADP. ATP interacts with residues within almost all motifs with the 
exception of Ia. SF1 contains B. stearothermophilus PcrA, E. coli Rep (which we will investigate 
in this chapter), UvrD, RecB, RecD, TraI (F-plasmid), phage T4 Dda, Herpes simplex virus type 
1 UL5. SF2 contains E. coli PriA, UvrB, RecG, yeast RAD3, eIF-4A, Hepatitis C virus NS3 
helicases. SF3 helicases are defined by three conserved regions. Hexameric helicases are 
classified separately into two small families, the F4 and F5 helicases. The F4 helicases contain 5 
distinct conserved motifs and are associated with DNA primase activity. The F5 helicase family 
is based on sequence similarity to proton-transporting F-1 ATPase [13]. 
Crystal structures of three SF1 DNA helicases have been solved, including B. 
stearothermophilus PcrA [14, 15], E. coli Rep [3] (Figure 6-1), and E. coli UvrD [16, 17]. The 
structures of these three proteins are homologous: they consist of two domains that are separated 
by a cleft, and each of these two domains is further separated into two subdomains (subdomains 
A and B). 
6.1.2 Oligomeric nature of most helicases. 
Although some helicases function as hexameric ring structures, some helicases that are 
monomeric in the absence of NTP or DNA have to oligomerize in order to unwind DNA [18, 
19]. The E. coli helicases Rep, UvrD and PcrA helicase from B. stearothermophilus can form 
dimers. Furthermore, the main E. coli replication helicase DnaB, bacteriophage T7 gene 4 
helicase/primase and many others can form ring-like toroidal hexamers [20].  E. coli Rep 
helicase is monomeric in the absence of DNA at concentrations below 8 μM, but dimerizes upon 
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binding to DNA [21, 22]. Moreover, Rep dimerization is essential for unwinding DNA in vitro 
[23]. 
Oligomerization is clearly important for helicase activity of SF1 helicases [19, 24-26]. 
However some studies investigated the possibility that some SF1 helicases may function as a 
monomer. In fact, studies of B. stearothermophilus PcrA helicase suggest that PcrA monomers 
are the functional form of the helicase [15, 27, 28]. PcrA is very close structurally and in amino-
acid sequence to E. coli Rep and UvrD helicases [3, 14]. A study of UvrD helicase also proposed 
that this helicase may function as a monomeric helicase [29].  Truncated form of Rep (RepΔ2B 
see description of a study below) has been shown to have unwinding ability as a monomer [30]. 
These seemingly independent observations on SF1 helicases’ possible unwinding activity as a 
monomer demonstrate the need for further careful and thorough investigations. In this chapter we 
will try to explore these discrepancies, and discuss the processivity of these kinds of helicases as 
well. But first we give some background on Rep helicase that we will study as a prototype for 
SF-1 helicases. 
6.1.3 E. coli Rep DNA helicase 
The biological function of Rep helicase in E. coli is not clear, because it is non-essential 
under laboratory growth conditions. The E. coli rep gene has 673 amino acids (Mr = 76.4 kD) 
[31-33]. Rep has been shown to be present in vivo at about 50 copies per wild type cell [34]. 
Although it is not essential for E. coli replication under laboratory conditions, Rep is essential for 
rolling circle replication by a number of small DNA phages (ϕX174, S18, the G phages) and 
filamentous phages (P22, M13, f1, fd) that infect E. coli [35].  
The deletion of the rep gene results in a slower rate of E. coli replication fork movement 
and initiation of an increased number of replication forks [33, 36, 37]. Furthermore, unlike the 
essential DnaB helicase, Rep can easily bypass Lac repressors bound on its substrate DNA [38]. 
These observations may explain the frequent pauses of the replication fork in E. coli rep mutants 
when the replication fork encounters protein-DNA complexes [38]. It has been proposed that 
Rep helps the movement of the replication fork by dissociating DNA-bound proteins [39, 40].  
Rep mutations increase sensitivity to thymine starvation, ultraviolet light and X-ray radiation, 
and reduce recombination frequency [37, 41, 42]. Interestingly, simultaneous deletion of rep, 
uvrD, and recBC genes involved in DNA repair pathways is lethal [40, 43, 44], although their 
individual deletions result in viable cells. These results from gene deletion experiments suggest 
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that Rep may function in both replication and DNA repair pathways in E. coli  [33]. 
 
Rep helicase is essential for phage ϕX174 replication in vivo [45]. The life cycle of ϕX174 
has three stages. First, circular ssDNA converted into double stranded DNA “replication form” 
(RF) DNA.  Second, RF is replicated through a rolling circle mechanism. Lastly DNA is 
encapsulated into the phage capsid [46]. For ϕX174 replication in vitro, the following four kinds 
of enzymes are required: the CisA protein, Rep helicase, single stranded DNA binding protein 
(SSB), and DNA polymerase III holoenzyme [46]. After ssDNA has been replicated by 
polymerase into dsDNA, CisA nicks RF DNA at the origin of replication and forms a covalent 
complex with the 5'-end. The free 3'-end at the nick is used as the primer for DNA synthesis by 
polymerase. The CisA protein then recruits a Rep helicase molecule and the dsDNA ahead of the 
replication complex is unwound by Rep [47]. Here CisA protein serves as a processivity factor, 
enabling Rep molecule to be a very efficient helicase [48]. It is quite possible that CisA protein 
locks Rep helicase into one of the conformations (see next part) that it can adopt.   
Figure 6-1. The domain structure of E. coli Rep monomer. The positions of the 
subdomains and the helicase motifs within the primary structure of Rep are also 
shown. Adapted with permission from ref.[1], © 2004 Elsevier 
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6.1.4 Structure of E. coli Rep 
The crystal structures of Rep protein in a complex with ssDNA & ADP was determined 
and is shown in Figure 6-2 [3]. Rep consists of two domains (1 and 2); each can be divided 
further into two structural subdomains (A and B). Rep shares ~40% sequence similarity with B. 
stearothermophilus PcrA and E. coli UvrD helicases [14, 16]. 
 
The observed contacts of ssDNA with Rep protein include residues in motifs Ia, III, IVa, 
and V, and some regions outside the conserved motifs (Figure 6-3). Two types of interaction are 
present in Rep-ssDNA complex. One includes residues from motifs la (T56, N57), III (Y248), 
IVa (R350, G351, and N352), and V (H558, T556) that interact with the DNA backbone only. 
The second type of interaction is the stacking interaction by aromatic residues (W250 of motif III 
and F183, outside consensus motifs), and the hydrogen-bond interaction between the residues 
(R251 of motif III, H85 of TxGx motif, and non-motif residues H580 and S582). 
 Rep can adopt two conformations that differ from each other with respect to the 
orientation of the 2B domain relative to the other three subdomains (Figure 6-2). These two 
conformations have been called the “open” and “closed” forms, which correspond to a swiveling 
Figure 6-2. Crystal structures: a) “open” and b) “closed” forms of Rep helicase. 
Adapted from [3]. Blue is 2B domain, red is 1B domain, yellow 1A domain and 
green is 1B domain. 
a b 
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motion of the 2B domain by 130° about a hinge region. Residues involved in DNA binding and 
the orientation of the ssDNA in both conformations are identical. The 2B domain is the only 
domain that does not contain any of the conserved amino acids that comprise the seven helicase 
motifs that define the SFI helicase superfamily.  It was hypothesized that the 2B domain might 
be involved in dimerization of the Rep protein [3]. In order to test the biological relevance of the 
2B domain, this functional domain was deleted from the rep gene and replaced by three glycines 
to form RepΔ2B protein [49]. This change in Rep protein can support ϕX174 replication in vivo, 
and retain helicase activity in vitro. RepΔ2B shows an unwinding rate that is as fast as the wild 
type Rep, but also shows higher extent of unwinding (higher processivity) and higher affinity for 
ssDNA. Moreover, studies using stopped-flow and quenched-flow techniques showed limited 
RepΔ2B helicase activity as a monomer in vitro [30, 49]. These observations suggest that Rep 
helicase has a potential to unwind dsDNA as a monomer.   This remains controversial, as other 
observations have shown that Rep helicase requires oligomerization for helicase activity in vitro 
[18, 23] and is unable to either start or preserve unwinding activity as a monomer. The possible 
monomeric helicase activity of Rep and importance of the 2B domain will be a major subject of 
exploration in this chapter. 
Figure 6-3. Amino acids within the Rep monomer that appear to contact 
the ss-DNA.  Adapted with permission from ref. [2], © 2003 Elsevier. 
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6.2 Cross-linking 2B domain activates unwinding ability of Rep helicase 
As described above Rep helicase has two distinct conformations named “closed” and 
“open”. Early studies indicated that upon ssDNA binding, a site within Rep becomes very 
sensitive to cleavage by trypsin [50]. It is now known that this site lies within the hinge region of 
Rep [3]. This suggested that some motion of the 2B domain occurs upon ssDNA binding of Rep, 
which may indicate that movements of the 2B domain are functionally relevant for Rep’s 
helicase activity. Moreover it was shown that Rep helicase exhibits conformational changes as it 
approaches dsDNA junction during translocation on ssDNA, with direct evidence that the 
helicase is in the “closed” conformation at a ds-ssDNA junction [51]. It was further proposed 
that the 2B domain might be involved in dimerization of the Rep protein [3]. The essential 
functionality of the 2B domain is still under debate even today. 
In order to examine the functional importance of the 2B domain in Rep, our collaborators 
(Professor Taekjip Ha and graduate student Sinan Arslan) have successfully crosslinked 2B and 
1B domains very close to the “closed” form. Two cysteine residues were strategically introduced 
in each of the 2B and 1B domains, where positions were picked such that upon crosslinking of 
cysteines, the conformation would mimic the “closed” form as much as possible. 
 Using single molecule FRET, our collaborators observed crosslinked Rep (“Rep-X”) 
monomer unwinding of short dsDNA. Single molecule fluorescence resonance energy transfer 
(smFRET) is a technique where one fluorophore, a donor, can transfer energy to another 
fluorophore, an acceptor, provided they are not far from each other (1-10 nm). By exciting the 
donor, some energy is transferred to the acceptor and one can measure relative emission of donor 
and acceptor (or the FRET efficiency). This provides information the distance between the two 
molecules. They used an 18-bp dsDNA substrate with a 20-nt long poly-dT 3’ overhang for 
initial protein binding. Donor/acceptor (Cy3/Cy5) FRET pair were located on the opposite ends 
of the DNA duplex. N-terminal hexa-histidine tagged Rep-X monomers were tethered to a PEG-
coated quartz slide surface via biotin/streptavidin and anti-penta histag antibody linkages 
(Figure 6-4a). Sudden appearance of Cy3 and Cy5 Figure 6-4b (green and red traces; emission 
of Cy3 and Cy5 respectively at 130 seconds) signals indicated that Rep-X monomer ‘caught’ the 
DNA substrate (Figure 6-4a second cartoon) by binding to the 3’ overhang (Figure 6-4b; 
emission of Cy5 indicates FRET; blue trace at 130 seconds). Initiation of unwinding was 
indicated by a FRET increase (Figure 6-4a third cartoon). As unwinding occurs, the average 
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distance between Cy3 and Cy5 decreased and FRET increased (Figure 6-4b), since ssDNA 
is more compact and has shorter end-to-end distance compared to the stiffer dsDNA of the same 
length. The displaced Cy5–carrying DNA strand dissociated (Figure 6-4a fourth cartoon) from 
the Rep-X-DNA complex after a certain high FRET value was reached, as indicated by a sudden 
drop in the Cy5 signal and recovery of the Cy3 signal (Figure 6-4b). After a while, Cy3 strand 
also dissociated from Rep-X monomer as the signal completely disappeared. This kind of 
behavior could not be observed if Rep-X was just translocating on ssDNA. For the first time our 
collaborators have shown that at least one of the SF1 helicases can unwind DNA as a monomer, 
provided the 2B domain is locked in the “closed” form. 
 As mentioned above it has been shown that in complex with CisA protein, Rep is highly 
processive and is able to unwind the entire phage genome (>6 kbp) [47]. This observation 
together with the FRET results may indicate a mechanism where the CisA accessory protein 
locks the 2B domain in the “closed” state. This would mean that the 2B domain acts like a 
conformational switch that is regulated in the cell. To test this idea, we measured the processivity 
of Rep-X. Since FRET cannot detect long unzipping events due to the limited range of energy 
transfer of ~10 nm (30 bp), we decided to use the optical trap.  
Figure 6-4. Rep-X smFRET study assay.  a) Rep-X tethered on to polymer coated surface 
catches dilabled DNA with pair of FRET pairs. b) Typical three smFRET traces. 
b a 
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6.3 Observing DNA unwinding by Rep-X using optical trap 
SmFRET experiments are limited to detecting unzipping of only short dsDNA. In order 
to measure the processivity of Rep-X helicase without accessory protein we used dual optical 
traps. The main advantage of optical trap over smFRET is that it is possible to track unwinding 
activity over thousands of base pairs. This will be the main discussion point for the remainder of 
this chapter. 
6.3.1 Experimental design  
To achieve our goal of observing Rep-X’s ability to unwind long dsDNA, we designed a 
DNA substrate that had a short ssDNA binding site for Rep-X, followed by a long dsDNA to test 
whether Rep-X can successfully start and continue unwinding. 
 
DNA construct design 
  The Rep-X-binding construct (Figure 6-5) consisted of two separate DNA fragments 
that were ligated together: a 6-kbp dsDNA “Unwinding Substrate” (US) with a 15-nt 5’ ssDNA 
overhang that is complementary to the 5’ end of a 15-nt ssDNA plus 15(polydT) ssDNA Rep-X 
protein “Binding Site” (BS).  The dsDNA served as a functionalized linker that bound to a 
trapped bead through the biotin-streptavidin linkage and served as a DNA unwinding substrate. 
 
“US” was synthesized from autosticky PCR amplification of Lambda DNA with a 5’ biotin-
labeled primer and a 5’ primer with an abasic site in the middle to create a 5’ overhang 
(Integrated DNA Technologies, Coralville, IA). The oligonucleotide fragment of the construct, 
BS, consisted of a DNA sequence complementary to the 5’ overhang of “US” and 15-nt poly-dT 
Figure 6-5. Rep-X DNA construct. Biotin labeled on blunt end of DNA and 3’ 
ssDNA overhang a binding site for Rep-X helicase on the other end. 
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oligonucleotide. Presence of an abasic site on “US” required an extra dT addition at the 5’ end of 
the oligomer for more effective ligation. 
 
Rep-X immobilization on beads 
 Rep-X protein was incubated with biotinylated anti-penta histidine tag from Qiagen in 
50mM Tris HCl pH 8.0, 100mM NaCl, 20% (v/v) glycerol, 1mM EDTA buffer at 0 °C for an 
hour. Then biotin labeled Rep-X was mixed with streptavidin functionalized beads for an hour at 
0 °C in the same buffer. 
6.3.2 Processive unwinding of Rep helicase 
 To measure Rep-X processivity we used optical traps (Figure 6-6). We constructed a 
dsDNA substrate 6 kbp in length. We trapped each bead with DNA substrate and Rep-X protein 
separately. Then we repeatedly moved one of the traps relative to another until we formed a 
tether (Figure 6-6). As soon as we formed a DNA tether in a solution containing 1 mM ATP, 
weobserved unwinding activity of Rep-X in force feedback mode at 10 pN (Figure 6-8). 
Importantly, our DNA construct could only accommodate binding of a single Rep-X protein via 
the 15-poly-dT overhang. These results constitute the first observation of processive unwinding 
activity of a Rep mutant at the single molecule level.  
 Next we aimed to form stalled complexes of Rep-X-DNA, such that Rep-X’s unwinding 
activity could be restarted at will upon introduction of saturating amounts of ATP.  To achieve 
this goal we looked for the best condition to form stalled complexes.  First, in the absence of 
Figure 6-6. Schematic of optical trap experiment.  A DNA molecule containing a 6 kbp 
duplex DNA with bound Rep monomer is tethered between beads held in dual optical 
traps. 
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ATP we were unable to form any tethers, which suggested that ATP was needed for the protein 
to bind stably to DNA. Next, instead of ATP we tried to form tethers in the presence of ATP-γS, 
an ATP analog which is non-hydrolyzable.  Using ATP-γS, we started to see tether formation. 
However the tether lifetime was very short and did not allow enough time to take any reasonable 
amount of data. The combination of 100 μM ATP and 100 μM ATP-γS was the best condition 
for stable stalled complex formation. Under this buffer condition the Rep-X-DNA complex 
neither exhibited unwinding activity nor had a limited tether lifetime.  
The ability to detect the unwinding activity of an individual Rep-X on our construct and 
to use tension to oppose it allowed us to characterize unwinding kinetics of the protein.  In our 
flow cell (Figure 6-7), we formed DNA tethers in a laminar stream containing the buffer 
favoring stalled complexes (100 μM ATP, 100 μM ATP-γS, and no protein), and ensured that we 
had a single tether by measuring its extension at 10 pN exerted by the dual optical traps. When 
the trapped bead-DNA-bead complex was moved to a laminar stream containing only 1 mM 
ATP and no ATP-γS, the DNA molecule condensed, as seen by its decreased extension over time 
in force feedback mode (Figure 6-8). This observation alone showed direct evidence that Rep 
helicase in “closed” form can unwind processively, and this conformation is an active form of 
the helicase. In the latter buffer, 66 nM SSB in addition to saturating concentration of ATP was 
Figure 6-7. Schematic representation of the two merging streams with different solution 
conditions and schematics of buffer exchange by moving chamber relative to dual trap 
positions. In the bottom flow channel, as Rep-X unwinds dsDNA ssDNA is coated with 
SSB. As a result further attachment of free ssDNA to other Rep-X is inhibited. 
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present in order to prevent any subsequent attachment of unwound single-stranded DNA to other 
Rep-X proteins on the bead surface (Figure 6-7 ).  
As a control, we wanted to test if we could observe helicase activity of wild-type Rep 
using the same approaches and conditions. As expected, we formed many short lived tethers with 
very occasional processive unwinding events (in 3% of formed tethers; data not shown). This is 
consistent with results of smFRET experiments conducted separately using 18 bp duplex DNA. 
Thus, wildtype Rep cannot unwind dsDNA as a monomer, but Rep-X not only unwinds, but is 
highly processive.  
 
 Separately, we ran control experiments to test if SSB actually inhibited formation of 
additional Rep-X-DNA tethers. SSB cannot stably bind to 15 nt long ssDNA, so instead we 
prepared a DNA construct with 75 nucleotides. In this case we could also successfully form Rep-
X-DNA tethers and register helicase activity. However, no tethers could be formed once SSB 
was present at relatively high concentrations (66 nM), confirming that SSB inhibited Rep-X 
binding to ssDNA. This is in contrast to the 15 nt ssDNA case where we could still form tethers 
Figure 6-8. Duplex DNA unwinding example traces at force feedback of 10pN. First 15 sec 
(yellow background) represent Rep-X-DNA stalled complex (no unwinding observed). At 15 
sec (inset) buffer conditions change to saturating ATP concentration followed by rapid 
unwinding activity (blue background). 
t < 15 s 
t > 15 s 
t = 15 s 
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in the presence of SSB, and more than 95% of tethers showed processive unwinding (Figure 
6-8).  
6.3.3 Heterogeneity of unwinding rates 
In Figure 6-9, we show example traces of Rep-X helicase activity. In Figure 6-9 (grey 
trace) a single Rep-X molecule moved unidirectional at a nearly constant speed of 200 bp/sec. 
Other molecules moved at different velocities. Velocity varied not only from protein to protein, 
but also within the unwinding activity of a single protein (Figure 6-9 green trace). The average 
unwinding speed of 140 bp/sec is in agreement with other biochemical studies [24]. 
Some helicases unwound at nearly uniform speeds for all 4 kbps (Figure 6-9 grey, red, and blue 
traces), and others unwound with fluctuating speeds (Figure 6-9 green and cyan traces). To 
calculate the unwinding rates we excluded pauses that are a longer than 1 second and calculated 
the average unwinding speeds. A speed distribution is shown in Figure 6-10. Interestingly, the 
unwinding rates are very heterogeneous. This heterogeneity is not only observed in this helicase, 
but also in some other proteins like RecBCD [52]. Some fluctuations in speed can arise simply 
from the stochastic nature of translocation kinetics [53]. However this does not account for the 
abrupt and persistent changes in rates observed in individual traces (Figure 6-9 green trace). We 
also observed frequent pauses, which did not occur at the same place for every molecule (Figure 
6-9 red, black, and yellow traces), but rather randomly during unwinding, suggesting pauses 
Figure 6-9. Example traces of DNA length change versus time at 10 pN force and 1 mM 
ATP. Different unwinding rates as well as pause position are observed 
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were not the result of DNA sequence. The nature of the heterogeneity and its biological 
relevance in the cell is under debate.  
 
6.3.4 Mutation in 1B-2B domain interaction surface enhance unwinding activity 
Instead of cross linking 1B and 2B domains we wanted to test the helicase activity of Rep 
by changing the nature of the interaction between these two domains. UvrD helicase, which 
shares 40% of its sequence with Rep, has a mutant uvrD303 that exhibits a higher specific 
activity for DNA-dependent ATP hydrolysis and unwinds partial dsDNA up to 10 times more 
efficiently then the wild type UvrD [54]. The enhanced unwinding activity was observed even 
with 448-bp long dsDNA [54]. UvrD303 is a mutant variant with two aspartic acids substituted 
to alanines at the 1B-2B domain interface (D403A/D404A) [54]. The same mutant variant of 
Rep helicase, RepDD, has been purified by Sua Myong1. We have tested this mutant in the 
optical trap for processivity and helicase unwinding activity (Figure 6-11). 
  We used the same dsDNA substrate that we used for Rep-X and wild-type Rep 
experiments. As soon as we formed tethers we started force feedback at 10 pN. There was an 
apparent difference from wild type Rep and Rep-X measurements; this time we saw partial 
unwinding in 20% of formed tethers with subsequent dissociation (Figure 6-11 green and blue 
                                                 
1 Sua Myong  Assistant Professor, Bioengineering department 
University of Illinois, Urbana Champaign 
Figure 6-10. Rep-X unwinding speed distribution 
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traces).  It is worthwhile to mention that we still saw full unwinding in 3% of the traces, 
consistent with observations in wild type. Interestingly we observed slipping events, in which the 
protein dissociated from the DNA and then reengaged with it (Figure 6-11 green trace). These 
are observed also in Rep-X but at much larger forces (see subsection below). 
 
 
These results suggest that above mutation in Rep at the interaction surface between 1B 
and 2B domains stabilize the “closed” conformation, which leads to improved processivity.  
6.3.5 A powerful super helicase 
Since Rep-X can unwind long ssDNA with high processivity, it is reasonable to ask what 
happens at higher forces. Can we see the protein stall or disruption in the protein-DNA 
interactions? 
Figure 6-11. Example traces with no helicase activity (red and black) and 
unwinding activity (blue and green).    
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  The translocation mechanism of motor proteins can be studied by measuring how load 
forces affect unwinding rates [55-58].  To measure stall and dissociation forces we used our 15-
nt 3’ ssDNA construct to form tethers in the presence of saturating levels of ATP. As soon as a 
tether was formed and some helicase activity was observed, we stopped the force feedback. As 
the helicase unwound DNA, the force load applied on Rep-X helicase increased (Figure 6-12). 
Unlike in the study of RNA polymerase molecules where consistent changes in rates were 
exhibited with increasing applied force [58], the responses of Rep-X proteins were highly 
variable (Figure 6-12). Even at high applied force we see heterogeneity in the unwinding rates 
(Figure 6-12). Observation of individual traces suggests that we rarely reached stalled conditions 
and speeds were unaffected by moderate increases in force (Figure 6-13). The independence of 
velocity with respect to the applied load implies that the rate-limiting step in the enzymatic cycle 
does not involve motion along the substrate DNA. Furthermore, the unwinding motion was 
occasionally interrupted by episodes of qualitatively different behavior, where the protein 
abruptly slipped over variable distances from 30 to 300 bp and resumed its helicase activity 
afterwards (Figure 6-12 black trace). Observed slips were unexpected and have not been 
reported in previous studies of Rep. This force-induced slipping may come from transient loss of 
Rep-X interaction with ssDNA. Moreover in most cases dissociation occurred possibly due to 
breakage of the linkages in the protein-anti penta histag or ssDNA-Rep-X interaction site. The 
Figure 6-12. Dissociation and slip force measurement experiment traces. Various behaviors 
are presented in various rates (traces shifted). Trap schematics of dissociation force 
measurment 
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distribution of all observed slip and dissociation forces are shown in Figure 6-14. The mean 
forces for both types of events are similar, 35 pN for slips and 40 pN for dissociation, suggesting 
that the nature of both processes might be the same. 
  
Figure 6-14. Dissociation (blue) and slips (red) force histograms. 
Figure 6-13. Normalized rates versus force plots from individual traces of 
dissociation force measurement from Figure 6-12 with the same color coding. 
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With some certainty and confidence we can report now that this is the strongest and most 
processive helicase observed thus far [52, 59, 60]: Rep-X shows high processivity and fast 
unwinding rates against loads up to 50 pN. So far the most processive helicase known is 
RecBCD, which can unwind tens of thousands of basepairs at rates of 500 bp/sec and under load 
forces of up to 8 pN [52, 59, 60].  The existence of different unwinding states shows that the 
Rep-X-DNA complex exhibits remarkable functional polymorphism, whose biological 
functionality and significance has yet to be explored.  
6.4 Extending conformational control to another SF1 helicase, PcrA 
Enhancement in the helicase activity of Rep monomers by trapping its conformation in its 
“closed” form suggests that homologs of Rep may also exhibit the same kind of activity 
enhancement.  Bacillus stearothermophlius PcrA is an SF1 helicase with a monomeric structure 
[14] that is very similar to the monomer structure of E. coli Rep. It has been reported that PcrA 
has an accessory protein RepD [61, 62]. RepD stimulates PcrA in the same way that CisA 
protein stimulates Rep during circular replication. Our collaborators in the Ha lab have 
engineered PcrA in its “closed” form, though with much lower yield of cross-linked 1B and 2B 
domains. In order to engineer PcrA-X, all cysteine residues had to be deleted, and two new 
cysteines were introduced in the same way that it was done for Rep-X. Using smFRET, our 
collaborators showed that PcrA-X can unwind short dsDNA as a monomer in the same way Rep-
X does. Furthermore, wild type PcrA fails to unwind under the same conditions, similar to wild-
type Rep. 
We measured the processivity of PcrA-X using dual optical traps on the same 6 kbp DNA 
substrate as used for Rep-X (Figure 6-15). We could form short-lived tethers with wild type 
PcrA and observe unwinding activity with PcrA-X. PcrA unwinding speed is slower than that of 
Rep [63] and observed unwinding rates are ~10 bp/sec.  The percentage of unwinding events was 
much lower compared to Rep-X due to inefficient internal cross-linking of PcrA (<40% data not 
shown). However our results agree well with smFRET measurement. This observation suggests 
that all SF-1 helicases should exhibit processive unwinding activity in “closed” form. Different 
conformations inside cell could be controlled by processivity factors locking helicases in the 
“closed” form.  
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6.5 Summary 
Using force spectroscopy methods we have shown that two of the SF1 family helicases, 
Rep and PcrA, can exhibit processive helicase activity as monomers in their closed forms. The 
engineered Rep helicase, in particular, is very processive and perhaps the strongest helicase 
known to date. Rep in complex with the accessory CisA protein is highly processive [47, 48], 
being able to unwind an entire ~6 kbp genome.  Similarly, plasmid replication protein RepD 
enhances DNA unwinding processivity of PcrA [61, 62]. And finally, MutL can facilitate UvrD 
helicase activity, which must be able to unwind at least 1 kbp processively during methyl-
directed mismatch repair [64-68]. Therefore the processivity of each of these helicases can be 
increased through interaction with accessory proteins. We propose that most likely these 
accessory proteins trap helicases in their “closed” 2B conformations.  
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Appendix A 
 
Measurement of binding free energy 
The effect of force on a molecular reaction is well described in the context of RNA and DNA 
conformational dynamics [1, 2].  The same formalism can be used to describe the force-induced 
transition between SSB-wrapped and unwrapped states of the DNA molecule.  It is useful to 
define a force-dependent wrapping equilibrium constant Kwrap(F) for this reaction.  This constant 
can be written in terms of the difference in standard free energy (at zero force) between the 
wrapped and unwrapped states ΔG0 [3]:  
( )TkFGGFK Bstretchwrap ))(exp)( 0 ′Δ+Δ−= ,  
where the thermodynamic quantity )(FGstretch′Δ accounts for the free energy in stretching the 
molecule,  
 ′′−′′=′Δ
F
u
F
wstretch FdFxFdFxFG
00
)()()( . 
By geometry, this is simply equal to the area between the protein-wrapped force extension curve, 
xw(F), and the unwrapped curve, xu(F), integrated from 0 to force F.  Note that this quantity also 
can be expressed in terms of the extension change upon SSB binding Δx(F) = xw(F) – xu(F) in 
Fig. 3-5, i.e.  ′′Δ=′Δ Fstretch FdFxFG 0 )()( .  Since 0)0( =′Δ stretchG , the equilibrium constant at zero 
force is given by )exp( 00 TkGK Bwrap Δ−= , and these expressions combine to give 
)/)(exp()(
0
0 TkFxFdKFK B
F
wrapwrap ′Δ′−=   
which is used to obtain Eq. (4-5) in Chapter 4. 
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Appendix B 
 
Average angle between applied force and SSB orientation 
The SSB orientation is agitated by thermal rotation motion and opposed by force applied 
through DNA handles [1]. We consider the effect of thermal motion on SSB which is free to 
rotate. The potential energy U of a molecule under torque is. 
)cos(θFssFU −=Δ−= , 
where θ is the angle between the SSB orientation and the applied force. 
 According to the Boltzmann distribution law the relative probability of funding a protein 
in an element of solid angle dΩ is proportional to ( )TkU B−exp , and  
Ω
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Let change s = cos θ and x = Fs/ kBT, so 
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which is used to obtain Eq. (3-2) in Chapter 3. 
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Protocols 
DNA constructs 
3.2 kbp dsDNA + short ssDNA construct 
Materials: 
• Forward Primer RH:5’-/5DigN/GGG CAA ACC AAG ACA GCT AA -3’ 
• Reverse Primer RH:5’- CCC GTC ATA CAC TTG CTC CT -3’ 
• Forward Primer LH: 5’-/5Biosg/ TGA AGT GGT GGC CTA ACT ACG -3’ 
• Reverse Primer LH: 5’- TTG CAT GAT AAA GAA GAC AGT CAT -3’ 
• 70nt polyT Insert:5’-/5Phos/CCT GGT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT CCC ACT GGC 
-3’ 
• 175 polyT Insert: 5’-/5Phos/CCT GGT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TCC CAC TGG C -3’ 
• 2x Phusion Master Mix from Finnzymes 
• PCR purification and Gel extraction  kit from Quiagen 
• PspGI, TspRI and ligase from NEB 
• pBR322 from Fermentas 
• λ DNA from Promega 
1. PCR the two handles  
• Make two sets of the following (50 μl volume each tube) 
Left Handle (μl)  Right Handle (μl) 
2x Phusion Mix  25  25 
FWD (primer)  2.5  2.5 
REV (primer)  2.5  2.5 
DNA  2 (10 ng) pBR322 1 (11 ng) λ 
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DMSO  1.5  1.5 
H2O (dnase free) 16.5  17.5 
• PCR mix is 2x Phusion Master Mix with 100% DMSO. 
• Primers should be 10 μM each (diluted in IDTE). 
• PCR program protocol: follow Phusion Master Mix booklet.  
2. PCR purify 
• Combine two Left handle product in one: final volume 100ul. The same thing should be 
done with Right handle.  
3. Digestion to cut the handles  
Need to do each handle separately in PCR machine. Use PCR tubes.  
• Left handle 
Add to DNA: 3.5 μl NEB2 10x, 2 μl PspGI(20U total). 1 hour at 75 C.  
• Right handle 
Add to DNA: 3.5 μl NEB4 10x, 2 μl TspRI (20U total). 1 hour at 65 C.  
4. Gel purify 
• Make gel. 60 ml 0.5x TBE buffer, 0.6 g agarose (1%) LMP (low melting point). 
Microwave. Then add to cool mix 1 μl ethidium bromide. Pour into gel box. Use second 
comb spot. Wait 1-2 hours at RT. Don’t keep overnight. 
• To load gel: 3 μl 100% glycerol (amount needed to keep in well, ~10% total), 2 μl dye, 
DNA (~35 μl). Preheat right handle to 65 C for 1 min first. 
• Run gel 75 V for 1 hour. 
• Bands will be a bit messy. Cut out handles with razor blade. Weigh it on tray (~100 mg). 
Put into 1.5 ml tubes. Do QIAquick gel extraction kit protocol (p 25). Final amount 30ul. 
5. Ligate handles to ssDNA 
• a.Can first run test ligations to try to optimize ratio of handles to ssDNA. 
Left Handle Insert Right Handle H2O 
1  0.25  1  5.75 
1  0.5  1  5.5 
1  1  1  5  
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1  3  1  3  
* Oligo concentration is 40 nM(diluted in IDTE).  
• Then for each add: 1 μl 10x T4 DNA ligase buffer, 1 μl 100x T4 DNA ligase (20 units, 
dilutes to 10x). 
• Run at room temperature for 30 min. 
• Previously the 1:3:1 ratio looked best.  
6. Final ligation  
15 μl  Right Handle 
15 μl  Left Handle 
4 μl 10x T4 DNA ligase buffer
4 μl 25x T4 DNA ligase 
2 μl  800 nM ssDNA 
* (dilute 2 μl of ssDNA @ 40 μM into 98 μl H2O)  
• 40 μl total. This gives 5% glycerol (from 50% glycerol in ligase, should be OK). 
• Run at room temperature for 30 min. 
7. Purify 
• Make gel (as above). 
• Run gel (as above). 
• The bands I should get are: construct, uncut right handle (faint), mix of right – left – 
right+oligo – left+oligo, oligo self-ligation, oligo. 
• Purify gel (as above). 
• Keep everything in the fridge. 
3.4 kbp dsDNA  
Materials 
1. Forward Primer:5’- /5Bio/ACA GCA TCG CCA GTC ACT ATG -3’ 
2. Reverse Primer:5’ - /5DigN/CAA CAA CGT TGC GCA AAC T -3’ 
3. 2x Phusion Master Mix from Finnzymes 
4. PCR purification kit from Quiagen 
5. pBR322 from Fermentas 
 
 
91 
 
1. PCR DNA 
• 25 μl 2x Phusion master mix 
• 2.5 μl FWD primer (10μM) 
• 2.5 μl REV primer (10μM) 
• 1 μl pBR322 DNA (10 ng/ μl) 
• 1.5 μl DMSO 
• 17.5 μl H2O 
2. PCR purify in final volume of 50 μl 
dsDNA (~3kbp) + long ssDNA (~1700nt) 
Materials: 
1. Forward Primer RH:5’- AGA TTC CTG GGA TAA GCC AAG -3’ 
2. Reverse Primer RH:5’- TAA ACT GTC GCT TGG TCA GAT C -3’ 
3. oligo LH:5’-/5Bio/ACA GCA TCG CCA GTC ACT ATG -3’ 
4. complementary oligo LH:5’- /5Phos/AGC TCA TAG TGA CTG GCG ATG CTG T -3’ 
5. PCR DIG probe synthesis kit from Roche 
6. PCR purification kit from Quiagen 
7. HindIII, EcorI, MfeI, Nb.BsmI, Exo III and ligase from NEB 
8. pBR322 from Fermentas 
9. λ DNA from Promega 
1. PCR Right Handle (DIG labeled 1kbp dsDNA) 
Right Handle (μl) 
PCR buffer(3°)  5  
dNTP’s (2°) 5 
FWD (primer)  2.5  
REV (primer)  2.5  
DNA  1 (11 ng) λ 
Enzyme(1°) 0.75  
H2O 33.25  
• Primers should be 10 μM each (diluted in IDTE). 
 
 
92 
 
• PCR program protocol: follow PCR booklet from Roche.  
• PCR purify  
• Digestion  into 500bp 
Add to DNA: 6 μl NEB4 10x, 1.5 μl MfeI (15U total). 1 hour at 37 C, then deactivate for 
20 minutes at 65 oC.  
2. Left handle (Biotin labeled 20bp+binding site) 
Anneal FWD LH and REV LH to a final of 1 μM concentration each. 
3. Ds-ss DNA hybrid  
 
• Nick pBR322 plasmid with Nb.BsmI. 
a) 12.5 μL of PBR322(500ng/μL)  
b) 3 μL NEB2 buffer  
c) 5,5 μL Nb,BsmI(10U/μL)  
d) 9 μL H20 
 Incubate for 1 hour at 65 0C, then deactivate for 20 minutes at 80 oC. 
• Exo III treatment. 
Temperate 30 μL for 2 minutes at 37 0C, add 1 μL of Exo III (100U). 
Incubate for 3 minutes at 37 0C, then add 1μL of 0.5M EDTA, deactivate for 10 minutes 
at 75 oC. 
• PCR purify into 30 μL. Leave 1 μL to Mung bean treatment. 
• Double digestion of plasmid with Hind III, Ecor I. 
a) 29 μL ss-dsDNA plasmid 
b) 3 μL EcorI buffer 
c) 1 μL Hind III(100U/μL) 
d) 1 μL EcorI(100U/μL).  
Incubate for 2 hours at 37 0C, then deactivate for 20 minutes at 65 oC. 
• PCR purify into 30 μL. Leave 2 μL to Mung bean treatment. 
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• Mung bean treatment (To find the length of ssDNA). 
To 1 μL  and 2 μL add 0.8 μL Mung bean buffer, 0,3 μL Mung bean, ?? μL H20 to have 
8 μL at the end.  
• Run the gel to see the length. 
 
Ligation of three parts. 
 Component  Volume / 
Right handle 1 μL 
ss-dsDNA 1 μL 
Left handle .25 μL 
Ecor I(10U/μL). 0.5 μL 
Hind III(10U/μL). 0.5 μL 
Mfe I(10U/μL). 0.5 μL 
Ligase Buffer 1.5 μL 
BSA(10x) 1.5 μL 
ligase(20U/μL). 1 μL 
H20 7.25 μL 
Overnight ligation  
Cycle step Temp Time Number of 
cycles 
Ligation 16 0C 20 min  
18 Digestion 37 oC 20 min 
Final 
Digestion 
37 0C 40 min 1 
 4 0C hold  
Run the gel after ligation to see product. 
Left handle Right handle Hybrid DNA 
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6 kbp dsDNA+3’-overhang  
Materials: 
• Forward Primer:5’-/5Biosg/GGC AGG GAT ATT CTG GCA -3’ 
• Reverse Primer:5- GAT CAG TGG ACA GA/idSp/A AGC CTG AAG AGC TAA TCG 
GG-3 
• 15nt polyT 3’-overhang:5’-/5Phos/TTC TGT CCA CTG ATC TTT TTT TTT TTT TTT -
3’ 
• 75 polyT 3’overhang: 5’-/5Phos/TTC TGT CCA CTG ATC TTT TTT TTT TTT TTT 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TTT -3’ 
• 2x Phusion Master Mix from Finnzymes 
• PCR purification kit from Quiagen 
• λ DNA from Promega 
1. PCR DNA 
• 25 μl 2x Phusion master mix 
• 2.5 μl FWD primer (10μM) 
• 2.5 μl REV primer (10μM) 
• 1 μl λ DNA (10 ng/ μl) 
• 1.5 μl DMSO 
• 17.5 μl H2O 
Primers should be 10 μM each (diluted in IDTE). 
PCR program protocol: follow Phusion Master Mix booklet.  
2. PCR purify into 30 μl 
3. Run ligation  
20  μl 6 kbp DNA 
0.5 μl 3’-overhang(100 μM) 
2.5 μl T4 DNA ligase buffer 10x
0.2 μl T4 DNA ligase (2 kU/ μl)
• Run at room temperature for 30 min. 
• PCR purify 
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Bead preparation 
Anti Digoxigenin coated beads 
Material 
• 1.0% w/v 0.86 μm Protein G beads (Spherotech Inc.) – polystyrene particles 
• Anti-Digoxigenin (polyclonal antibody, immunoglobulin) 
• Phosphate buffered saline with 0.1 Tween 20, pH 7.0 (1× PBS) 
Procedure 
• Wash 40 μL of 1.0% w/v beads (protein G, 0.86 μm) in 160 μL 1X PBS twice: 
• Spin @ 7.5 krpm for 1 minute 
• Remove supernatant 
• Add 200 μL 1X PBS 
• Resuspend pellet by vortexing 10 – 30 s on high 
• Repeat 
• Add 10 μL anti-DIG antibody reconstituted to PBS after final wash  
• Shake for 30 min on vortexer (high) 
• Wash with 1X PBS three times 
• Spin @ 7.5 krpm for 1 min 
• Remove supernatant 
• Add 200 μL 1X PBS (storage solution) 
• Resuspend pellet by vortexing 1 min 
• Repeat 
• Store in final wash 
Streptavidin beads  
Material 
• 1.0% w/v 0.79 μm streptavidin polystyrene particles (Spherotech Inc.)  
• TMS with 0.1% tween 20, pH 7.0 
Procedure 
• Wash 20 μL of 1.0% w/v beads (Streptavidin beads, 0.79 μm) in 160 μL 1 X TMS three 
times: 
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• Spin @ 7.5 krpm for 1 minute 
• Remove supernatant 
• Add 200 μL 1X TMS 
• Resuspend pellet by vortexing 10 – 30 s on high 
• Repeat 
